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Ines Amara, Maria Scuto, Agata Zappalà, Maria Laura Ontario, Antonio Petralia, 
Salwa Abid-Essefi, Luigi Maiolino, Anna Signorile, Angela Trovato Salinaro and 
Vittorio Calabrese

 Hericium Erinaceus Prevents DEHP-Induced Mitochondrial Dysfunction and Apoptosis 
in PC12 Cells
Reprinted from: Int. J. Mol. Sci. 2020, 21, 2138, doi:10.3390/ijms21062138 . . . . . . . . . . . . . . 7

Gabriele Di Rosa, Giovanni Brunetti, Maria Scuto, Angela Trovato Salinaro, Edward J.

Calabrese, Roberto Crea, Christian Schmitz-Linneweber, Vittorio Calabrese and Nadine Saul

Healthspan Enhancement by Olive Polyphenols in C. elegans Wild Type and Parkinson’s Models
Reprinted from: Int. J. Mol. Sci. 2020, 21, 3893, doi:10.3390/ijms21113893 . . . . . . . . . . . . . . 25

Giovanni Brunetti, Gabriele Di Rosa, Maria Scuto, Manuela Leri, Massimo Stefani, 
Christian Schmitz-Linneweber, Vittorio Calabrese and Nadine Saul

Healthspan Maintenance and Prevention of Parkinson’s-like Phenotypes with Hydroxytyrosol 
and Oleuropein Aglycone in C. elegans
Reprinted from: Int. J. Mol. Sci. 2020, 21, 2588, doi:10.3390/ijms21072588 . . . . . . . . . . . . . . 47

Marianna Roselli, Emily Schifano, Barbara Guantario, Paola Zinno, Daniela Uccelletti and

Chiara Devirgiliis

Caenorhabditis Elegans and Probiotics Interactions from a Prolongevity Perspective
Reprinted from: Int. J. Mol. Sci. 2019, 20, 5020, doi:10.3390/ijms20205020 . . . . . . . . . . . . . . 71

Hiroshi Kunugi and Amira Mohammed Ali

Royal Jelly and Its Components Promote Healthy Aging and Longevity: From Animal Models
to Humans
Reprinted from: Int. J. Mol. Sci. 2019, 20, 4662, doi:10.3390/ijms20194662 . . . . . . . . . . . . . . 85

Maria Scuto, Paola Di Mauro, Maria Laura Ontario, Chiara Amato, Sergio Modafferi,

Domenico Ciavardelli, Angela Trovato Salinaro, Luigi Maiolino and Vittorio Calabrese

Nutritional Mushroom Treatment in Meniere’s Disease with Coriolus versicolor: A Rationale for
Therapeutic Intervention in Neuroinflammation and Antineurodegeneration
Reprinted from: Int. J. Mol. Sci. 2020, 21, 284, doi:10.3390/ijms21010284 . . . . . . . . . . . . . . . 111

Massimo De Martinis, Maria Maddalena Sirufo, Angelo Viscido and Lia Ginaldi

Food Allergies and Ageing
Reprinted from: Int. J. Mol. Sci. 2019, 20, 5580, doi:10.3390/ijms20225580 . . . . . . . . . . . . . . 135

Guadalupe Elizabeth Jimenez-Gutierrez, Ricardo Mondragon-Gonzalez, 
Luz Adriana Soto-Ponce, Wendy Lilián Gómez-Monsiváis, Ian Garcı́a-Aguirre, 
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1. State of Art

People are living longer, not, as was previously the case, due to reduced child mortality,
but because we are postponing the ill-health of old age. The global population aged 60 years
or over numbered 962 million in 2017, more than twice as large as in 1980 when there were
382 million older persons worldwide. The number of older persons is expected to double
again by 2050, when it is projected to reach nearly 2.1 billion; the number of persons aged
80 years or over is projected to increase more than threefold between 2017 and 2050, rising
from 137 million to 425 million. [1–3].

Ageing is a component of life, which derives from the breakdown of the self-organization
system and the reduced ability to adapt to the environment. As we age, harmful changes
accumulate in the molecules, cells and tissues responsible for the decline of normal physio-
logical functions. This inexorably leads to a reduced ability of the individual to maintain
adequate homeostasis, resulting in a greater susceptibility to different types of stressors.
Hence, ageing processes are defined as those that amplify the vulnerability of individuals,
as they age, to the factors that ultimately lead to death [4].

This extraordinary increase in older people emphasizes the importance of studies on
ageing and longevity and the need for a prompt dissemination of knowledge on ageing
and longevity with the aim to satisfactorily diminish the medical, economic and social
problems associated with advancing years, problems caused by the continuous increase in
the number of older people at risk of frailty and age-related diseases. In fact, the increase in
the duration of life (lifespan) does not coincide with the increase in the duration of health
(healthspan), that is the period of life free from serious chronic diseases and disabilities [1,5].
Therefore, improving the quality of life of older people must be a priority. This makes
studies of the processes involved in ageing and longevity of great importance.

In particular, understanding why some individuals have escaped from neonatal
mortality, infectious diseases in the pre-antibiotic era and the fatal outcomes of age-related
diseases, thus living 100+ years, might allow the factors involved in the attainment of
healthy ageing. For scientists, centenarians are, in fact, the paradigmatic example of healthy
ageing [6].

Long-lived individuals should refer to people belonging to the 5th percentile of the
survival curve, that is, in the Western world, to those over ninety. However, it is often
the canonical age of 100 that is regarded as the threshold of exceptional longevity [4,7].
Worldwide, the number of centenarians fluctuates between half a million and a million with
five women for one man. Over the course of human history their number has grown [2,8].

Human beings are the product of their genes, but they would not be the same without
the experiences they have/had since those in the womb. It has been shown that the month
of birth, a proxy for early environmental influences (i.e., epigenetics), affects the possibility
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of reaching 100 years [9]. Living organisms are subject to nature laws and genetic programs
where both Brownian random motions, i.e., the erratic random movement of particles in a
fluid, as a result of continuous bombardment from molecules of the surrounding water
molecules in the fluid, and crossing over contribute to leave space for the chance. There is
evidence of the inherent stochastic nature of both gene expression and macromolecular
biosynthesis. Several genes are in fact transcribed in minimal amounts of mRNA, which can
cause large fluctuations in macromolecular biosynthesis. Chance is just that, the random
occurrence, i.e., an event happening not according to a plan [2,10].

Asking whether ageing and longevity depend on the environment or genetics, even
if legitimate, is too simplified. To respond fully means to consider all that is important,
the case and circumstances of life, diet, physical activity, environmental exposure and
lifestyle (which also affect epigenetics), the burden of natural life pathogens, stress man-
agement and social networking, education and gender and, obviously, DNA (genetics and
epigenetics) in the forefront [10–13]. However, taking into account the risk factors we can
modify lifestyle, particularly diet, that is, beyond doubt, the most important.

The deepening of this knowledge could allow modulating the ageing rate by providing
valuable information on how to achieve healthy ageing.

2. Diet and Healthy Ageing

A long life in a healthy, vigorous and young body has always been one of humanity’s
greatest dreams. Anti-ageing strategies aimed not at rejuvenating but at slowing ageing and
delaying or avoiding the onset of age-related diseases are welcome. It has to be emphasized
that the goal of ageing research is not to increase human longevity regardless of the
consequences, but to increase active life free from disability and functional dependence.

As previously stated, the role of diet in the attainment of longevity by slowing ageing
and fighting age-related diseases is well known. A particular aspect of diet concerns some
compounds principally contained in fruit and vegetables, called nutraceuticals, i.e., “natu-
rally derived bioactive compounds that are found in foods, dietary supplements and herbal
products, and have health promoting, disease preventing, and/or medicinal properties”.
Several nutraceuticals exhibit anti-ageing features by acting on the inflammatory status
and on the prevention of oxidative reaction. Similar effects are thought to be obtained with
the use of probiotics [14,15]. In this special issue six papers addressed these aspects in vitro
or in vivo.

In an in vitro study [16], it was examined in pheochromocytoma 12 (PC12) cells,
whether Hericium erinaceus (HE), a medicinal plant, could exert a protective effect against
oxidative stress and apoptosis induced by di(2-ethylhexyl)phthalate (DEHP), a plasticizer
known to cause neurotoxicity. The authors demonstrated that pre-treatment with HE
significantly attenuated DEHP induced cell death. This protective effect was attributed to
its ability to reduce intracellular reactive oxygen species levels.

Two studies [17,18] focused on the role played by some olive oil polyphenols [19]
on ageing pathophysiology with special attention to Parkinson’s disease like symptoms
in the well-known invertebrate model organism Caenorhabditis (C) elegans. The studies
demonstrate that polyphenolic extract treatment has the potential to partly prevent or even
treat ageing-related neurodegenerative diseases and ageing itself. Future investigations
including mammalian models and human clinical trials are needed to uncover the full
potential of these olive compounds.

The review of Rosselli et al., [20], analyzed, instead, the impact of probiotics on
C. elegans. The picture emerging from their analysis highlights that several probiotic strains
are able to exert anti-ageing effects in nematodes by acting on common molecular pathways,
such as insulin/insulin-like growth factor-1 and p38 mitogen-activated protein kinase. So,
C. elegans appears to be advantageous for shedding light on key mechanisms involved in
host pro-longevity in response to probiotics supplementation.

Then, in their review [21], the authors discuss the possible effect of Royal Jelly and
its components on healthy ageing and longevity in animal models as well as its positive
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effects on health maintenance and age-related disorders in humans. The findings pave the
way to inventing specific Royal Jelly as anti-ageing drugs.

Finally, a small clinical trial was instead performed on another model of neurodegen-
eration, Meniere’s disease (MD) [22]. The authors evaluated systemic oxidative stress and
cellular stress response in MD patients in the absence and in the presence of treatment with
a biomass preparation from Coriolus versicolor, endowed with various biological actions,
including antioxidant ones. It was concluded that systemic oxidative stress was reduced in
MD patients treated with Coriolus versicolor, which was paralleled by a significant induction
of vitagenes, known to encode survival and anti-oxidant proteins. Vitagene up-regulation
after Coriolus versicolor supplementation indicates a maintained response to counteract
intracellular pro-oxidant status. Thus, searching innovative and more potent inducers of
the vitagene system can allow the development of pharmacological strategies capable of
enhancing the intrinsic reserve of vulnerable neurons, such as ganglion cells to maximize
antidegenerative stress responses and thus providing neuroprotection.

3. Hallmarks of Ageing

Some aspects fighting three hallmarks of ageing, i.e., characteristic features consid-
ered to contribute to the ageing process, hence determining the ageing phenotype [23],
are instead treated in the last four papers.

Concerning the hallmark altered intercellular communication [23], e.g., in this series,
Adverse Food Reactions (FAs) [24] have been treated as example of immunosenescence [25].
FAs show peculiar characteristics in older people that concern both the pathogenesis and
the clinic. FAs in older people are driven by immunosenescence, as well as the cell ageing
and tissue modifications that characterize advanced age. The aged gastrointestinal mucosa
is central in the development of FAs in older people through its compromised digestive
properties and structural changes, as well as the alteration of its immune functions linked
to immunosenescence and age-related microbiota remodeling. Among the risk factors
for the sensitization to food allergens in older people, in addition to chronic damage
and inflammation of gut epithelia due to the ageing process, there are chronic alcohol
consumption, chronic infections, multimorbidity, polymedication, and drug side effects.

Data of Jimenez-Gutierrez et al., [26] regard the prevention of the hallmark cellular
senescence [23]. Their data are consistent with the paradigm that interfering with function
of Nuclear β-dystroglycan (β-DG) involved in the maintenance of nuclear architecture
and function results somehow in aberrant multipolar mitoses. That, in turn, evokes a
p53-dependent DNA-damage response, arresting the cell cycle progression and thereby
inducing senescence, to avoid the propagation of damaged genomes. That supports a
role for DG in protecting against senescence, through the maintenance of proper lamin B1
expression/localization and proper mitotic spindle organization.

Epigenetics, another hallmark [23] is treated in the last two papers. In the first
paper [27], the authors used next-generation sequencing to identify differentially expressed
microRNAs (miRNAs) in serum exosomes isolated from young (three-month-old) and old
(22-month-old) rats and then used bioinformatics to explore candidate genes and ageing-
related pathways. Taken together, their findings suggest that changes in the makeup of
circulating exosomal miRNAs with age not only can be considered as a potential predictor
of age but also may contribute to ageing via several key signaling pathways that regulate
ageing and lifespan.

In the paper of Gutman et al. [28], exceptionally long-lived individuals (ELLIs) demon-
strated juvenile performance in DNA methylation age clocks and overall methylation
measurement, with preserved cognition and relative telomere length. The findings suggest
a favorable DNA methylation profile in ELLIs enabling a slower rate of ageing in those in-
dividuals in comparison to controls. It is possible that DNA methylation is a key modulator
of the rate of ageing and thus the ELLIs DNAm profile promotes healthy longevity.
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4. Conclusions

This series of papers is noteworthy because the identification of the factors that
predispose to a long and healthy life is of enormous interest for translational medicine.
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Abstract: Hericium Erinaceus (HE) is a medicinal plant known to possess anticarcinogenic, antibiotic,
and antioxidant activities. It has been shown to have a protective effect against ischemia-injury-induced
neuronal cell death in rats. As an extending study, here we examined in pheochromocytoma 12 (PC12)
cells, whether HE could exert a protective effect against oxidative stress and apoptosis induced by
di(2-ethylhexyl)phthalate (DEHP), a plasticizer known to cause neurotoxicity. We demonstrated that
pretreatment with HE significantly attenuated DEHP induced cell death. This protective effect may
be attributed to its ability to reduce intracellular reactive oxygen species levels, preserving the activity
of respiratory complexes and stabilizing the mitochondrial membrane potential. Additionally, HE
pretreatment significantly modulated Nrf2 and Nrf2-dependent vitagenes expression, preventing
the increase of pro-apoptotic and the decrease of anti-apoptotic markers. Collectively, our data
provide evidence of new preventive nutritional strategy using HE against DEHP-induced apoptosis
in PC12 cells.

Keywords: Di (2-Ethylhexyl) pthalate; Hericium erinaceus; vitagenes; oxidative stress; apoptosis;
mitochondrial respiratory complexes

1. Introduction

Phthalates are common plasticizers, used in a large variety of household and medical products to
confer flexibility to many polyvinyl chlorides (PVC)–based plastics [1]. Di(2- ethylhexyl)phthalate
(DEHP) is one of the most extensively used phthalates, which have a variety of applications including
food packages, cosmetics, clothing, children’s toys, and medical devices such as blood storage bags [2].
DEHP is highly hydrophobic compound and it is well absorbed after oral exposure [3], being estimated
that human absorption of DEHP could be as high as 25%. Due to its liposolubility, DEHP leaches from
plastics following lipophilic fluids [4], making it possible that DEHP crosses the blood-brain barrier
into the central nervous system (CNS) tissue, which could lead to neural toxic effects.
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Recently, an increasing number of studies have provided evidence of a significant association
between DEHP exposure and neuronal disruption. The toxicity of DEHP in mammalian cells
has been investigated, and it has been demonstrated that this phthalate is cytotoxic and induces
apoptosis in Neuro-2-a cells, a neuroblastome cell line [5]. Other investigators have studied the in vivo
administration of DEHP and demonstrated that this plasticizer causes neurodegeneration in the brain
of rats [6]. Other lines of evidence indicate that prenatal and postnatal exposure of DEHP affect CNS [7].
Indeed, in utero exposure, DEHP caused disruption of rat brain development [8], while a reduction in
the number of mid brain dopaminergic neurons and a motor hyperactivity have been demonstrated
after postnatal exposure to this phthalate [9].

An often-mentioned mechanism of chemical-induced neuronal damage is oxidative stress. Excess
of reactive oxygen species (ROS), mainly associated with mitochondrial dysfunctions, disrupts
antioxidant defense system, generating a vicious cycle resulting in further damage to cellular functions,
energy insufficiency, and eventually leading to neuronal cell death [10].

Apoptosis is the most common and well-defined form of programmed cell death which is
a genetically directed process of cell self-destruction that is essential for embryonic development,
immune-system function, and the maintenance of tissue homeostasis in multi-cellular organisms [11].
It is marked by different changes in the mitochondria such as the release of caspase activators, changes
in electron transport, loss of mitochondrial membrane potential (MMP), and involvement of pro and
anti-apoptotic Bcl-2 family proteins [12]. In recent years, considerable research has been carried out on
identifying naturally occurring substances endowed with neuroprotective properties, impacting on
apoptotic processes, and thus capable to prevent or delay neurodegenerative processes. Mushrooms,
which have been used in traditional medicine for thousands of years [13,14], have been reported to
possess various biological actions, including antitumor, immunomodulatory, antioxidant, antiviral,
antibacterial, and hepatoprotective effects [15,16]. Some of the most potent immunostimulatory
molecules derived from mushrooms are β glucans, which activate many types of immune cells and
stimulate cytokine responses [17–20]. Administration of complex mixtures of molecules to unknown
concentrations is difficult to reconcile with current pharmaceutical practices involving highly purified
compounds, and hence, as the active ingredients may be unknown, to patent mushroom extracts is a
very difficult task.

Moreover, mushroom-derived polysaccharides are complex molecules that cannot be synthesized,
as the mass production of these compounds would require timely and costly extraction processes. As a
result, many research efforts have focused on low molecular weight compounds, such as cordycepin,
which is a cytotoxic nucleoside analog inhibitor of cell proliferation. Of the mushroom-derived
therapeutics, polysaccharopeptides obtained from Hericium erinaceus (HE) are commercially the
best established. HE is known to have a neuroprotective property evidenced by the regulation of
inflammation in relation to the pathology of Alzheimer’s disease. In another modality of protection
against Alzheimer’s disease, HE has been shown to stimulate the synthesis of nerve growth factor
(NGF) in cultured astrocytes [21]. This growth factor, acting on cholinergic neurons by modulating the
activity of two enzymes: cholineacetyltransferase and acetylcholinesterase in Alzheimer’s disease, the
activity of these two enzymes is inhibited since the dysfunction of cholinergic neurons is an initial
event in Alzheimer’s disease [22].

The ability to sense oxidative and proteotoxic insults and to coordinate defensive stress response are
basic elements for cellular adaptation and survival [23,24]. With regard to this, medicinal mushrooms,
including HE may have beneficial protective effects in low doses [25–27]. Consistently, hormesis
dose response is characterized by low dose stimulation and a high dose inhibition. The biphasic
dose-response phenomenon is characterized by a U-shaped or inverse dose response curve, depending
on the different measured endpoints [28–30]. The hormetic dose response results from either a
direct stimulation or through an overcompensation stimulatory response following disruption in
homeostasis [31]. Such hormetic dose responses provide a quantitative description of the bounds of
biological plasticity, and a measure of the extent to which adaptive processes may be upregulated,
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which is especially relevant to the comprehension of protective effects induced by plant and fungal
species [32–36]. It has been known that mushrooms activate the heat shock protein (Hsp) pathway in
different brain regions of rats, which plays a crucial role in the cellular stress response [22,37,38], and
hence, Hericium erinaceus biomass preparations can have neuroprotective effects through modulation of
inflammatory processes associated with the neuropathology, as well as through regulation of brain
stress response plasticity mechanisms [39]. In addition, antioxidant activity of HE has also been
demonstrated in other tissues, including liver [40]. In light of the above-mentioned evidence in the
present study, we have investigated in vitro the neuroprotective role of HE biomass preparation against
DEHP-induced neurotoxicity.

2. Results

We first evaluated whether DEHP alone or HE alone treatment was toxic to pheochromocytoma
12 (PC12) cell line. Cells were treated for 24 h with increasing concentrations of DEHP (20, 40, 60,
80, and 100 μM) and HE (0.5, 1 1.5, and 2 mg/mL) (Figure 1a) and cell survival was determined
by 3-(4,5-dimethylthiazol-2 yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 1a,b). DEHP
treatment induced a dose-dependent reduction in cell viability with approximately IC50 observed
at 85 μM (Figure 1a). Consequently, cytotoxic induction with 85 μM DEHP for 24 h was used in the
subsequent experiments. Besides, while HE alone exhibited no toxicity towards PC12 cells (Figure 1b),
pretreatment with this mushroom at 0.5 mg/mL, significantly decreased DEHP-mediated cytotoxicity
(Figure 1c).

Figure 1. (a,b) Cytotoxic effect of di(2-ethylhexyl)phthalate (DEHP) and Hericium Erinaceus (HE) on
pheochromocytoma 12 (PC12) cells. Cells were treated with DEHP or HE at the indicated concentrations
for 24 h. (c) HE reduces DEHP-induced cytotoxicity in PC12. Cells were pretreated for 2 h with
HE (1 μM) before DEHP treatment for 24 h (85 μM). Cell viability was determined using 3-(4,5-
Dimethylthiazol-2 yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are expressed as the mean
±SD of three separate experiments. *** p ≤ 0.001 vs. control and ### p ≤ 0.001 vs. DEHP alone.
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Indeed, the DEHP treatment results in 51.16 % cell viability, but pretreatment for 2 h with HE
at 0.5 mg/mL increase cell viability at 78.73 % (Figure 1c). Thus, we asked whether DEHP exposure
affects mitochondrial ROS formation. Therefore, ROS production in PC12 cells was measured using
fluorescent dye DCFDA. The levels of intracellular ROS markedly increased after treatment with DEHP.
However, pretreatment with HE (0.5 mg/mL) significantly decreased the intracellular ROS generated
by DEHP in PC12 cells (Figure 2).

Figure 2. Effects of HE on DEHP-induced reactive oxygen species (ROS) generation. PC12 cells were
pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The relative intracellular ROS
production was evaluated by recording the fluorescence of DCF, the product of 2, 7 - Dichlorofluorescein
diacetate (DCFH) oxidation. Data are expressed as the mean ±SD of three separate experiments.
*** p ≤ 0.001 vs. control and ### p ≤ 0.001 vs. DEHP alone.

It has been reported that electron transport chain (ETC) complexes are important sources of
mitochondrial reactive oxygen species, and their inhibition has been associated with elevated levels
of ROS [41]. Given the observed induction of ROS after DEHP treatment, we hypothesized that this
excess of ROS may be mediated by mitochondrial dysfunction. To assess this, we analyzed the activity
of respiratory chain complexes in PC12 cells treated with DEHP and the effect of HE pretreatment.
The data presented in Table 1 shows that the enzymatic activities of complexes I, II-III, IV, as well as
ATP synthase drastically decreased after DEHP treatment. However, pretreatment with HE reduces
DEHP-induced alterations in mitochondrial respiratory complex activities and significantly restored
activity of complex I and II+III (p < 0.05).

Table 1. Effect of HE on di(2-ethylhexyl)phthalate (DEHP) treatment on the activity of Complex I, II–III,
and IV and ATP Synthase in PC12 cells.

NADH-UQ
Oxidoreductase

Complex I
μmol Oxidized

NADH/min/mg Protein

Succinate-Cytochrome c
Oxidoreductase
Complex II-III

μmol Reduced Cyt
c/min/mg Protein

Cytochrome c
Oxidase

Complex IV
μmol Reduced Cyt
c/min/mg Protein

ATP Synthase
Complex V

μmol Oxidized
NADH/min/mg

Protein

CTR 0.053 ± 0.0036 0.050 ± 0.0013 0.1882 ± 0.0152 0.0066 ± 0.0008
HE 0.0452 ± 0.0036 0.043 ± 0.0015 0.1742 ± 0.0078 0.0075 ± 0.00049

DEHP 0.0182 ± 0.0007*** 0.026 ± 0.0031*** 0.0961 ± 0.0173*** 0.0034 ± 0.00040**
DEHP+HE 0.037 ± 0.0031# 0.035 ± 0.0037# 0.1218 ± 0.0067 0.0047 ± 0.00032

Effect of HE on DEHP treatment on the activity of Complex I, II–III, and IV and ATP Synthase in PC12 cells.
# p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

ROS overproduction is accompanied by increased expression of genes participating to recovery
of mitochondrial function, detoxification, and cell survival, stress responsive, genes called vitagenes.
Vitagenes encode for heat shock proteins (Hsps), thioredoxin, and sirtuin protein systems [42]. The
effect of DEHP given alone or combined with HE on vitagenes expression is shown in Figures 3 and 4.
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Figure 3. (a) The effect of DEHP and HE treatment on HSP70 and HO-1 protein levels. PC12 cells were
pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The cell lysate proteins
were separated by SDS–PAGE, transferred to nitrocellulose membranes, and immunoblotted with the
antibodies against HSP70 and HO-1. Protein loading was assessed by re-probing the blots with the
β-actin antibody. (b) The bars represent the percentage changes of density (folds to control) SD of three
independent experiments. * p ≤ 0.05 vs. control, ** p ≤ 0.01 vs. control, # p ≤ 0.05 vs. DEHP alone,
## p ≤ 0.01 vs. DEHP alone.

Figure 4. (a) The effect of DEHP and HE treatment on SIRT1 and TRX protein levels. PC12 cells were
pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The cell lysate proteins
were separated by SDS–PAGE, transferred to nitrocellulose membranes, and immunoblotted with
the antibodies against SIRT1 and TRX. Protein loading was assessed by re-probing the blots with the
β-actin antibody. (b) The bars represent the percentage changes of density (folds to control) SD of three
independent experiments. *** p ≤ 0.001 vs. control, ### p ≤ 0.001 vs. DEHP alone.

Figures 3a,b and 4b show an increase of HSP70, HO-1, and Trx protein levels induced by DEHP in
PC12 cells, whereas this increase was not statistically significant when compared to control for Trx
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expression. However, DEHP decreased the expression of SIRT1 (Figure 4a). Pretreatment of cells by
HE for 2 h, significantly modulates expression of stress responsive vitagenes (Figures 3a,b and 4a,b).

The transcription factor Nrf2 is activated under stressful conditions. Nrf2 binds to the ARE of
DNA, leading to the transcription of cytoprotective genes, including HO-1 and Hsp60 [33]. After
treatment with DEHP, an increase in the level of Nrf2 was observed, but pretreatment of cells with HE,
modulated redox induced Nrf2 expression (Figure 5).

Figure 5. (a) The effect of DEHP and HE treatment on Nrf2 protein levels. PC12 cells were pretreated
with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The cell lysate proteins were separated
by SDS–PAGE, transferred to nitrocellulose membranes, and immunoblotted with the antibodies
against Nrf2. Protein loading was assessed by re-probing the blots with the β-actin antibody. (b) The
bars represent the percentage changes of density (folds to control) SD of three independent experiments.
** p ≤ 0.01 vs. control and ### p ≤ 0.001 vs. DEHP alone.

Since mitochondrial anion fluxes are impacted by oxidative modifications, we subsequently
examined whether DEHP induced dissipation of the mitochondrial membrane potential (MMP).
Rhodamine 123 (Rh123) fluorescence was used to measure the MMP associated with DEHP treatment.
As shown in Figure 6a, DEHP treatment reduced the Rh123 uptake to indicating a loss of mitochondrial
potential, that was prevented when the cells were pretreated with HE for 2 h.

In addition, double staining cells with FITC-labeled-AnnexinV and PI (Figure 6b) allowed us to
confirm by flow cytometry that DEHP induced apoptosis. Compared to the control values, DEHP
at 85 μM increased the percentage of early apoptotic cells (AnnV+/PI−) to about 3.1% and late
apoptotic/necrotic cells (AnnV+/PI+) to about 16.9% (Figure 6b). Nevertheless, cell pretreatment with
HE for 2 h significantly reduced the rate of apoptotic cells (Figure 6b).

Neurodegenerative disorders are associated with mitochondria dysfunctions, alteration of the
respiratory chain complexes, MMP decrease, and ROS increase [43]. Excessive ROS generation, MMP
disturbance, and modulation of pro and anti-apoptotic proteins play a key role in neuronal apoptosis,
thus we tested by western blotting analysis the effect of DEHP on apoptotic protein expression in
PC12 cells.
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Figure 6. (a) Effects of HE on DEHP-induced loss of mitochondrial transmembrane potential. PC12
cells were pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The mitochondrial
potential was assessed by measuring the uptake of Rhodamine-123. (b) Effects of HE on DEHP-induced
cell apoptosis. Different subsets of cells were measured by AnnexinV/PI staining after treatment with
DEHP (85 μM) and/or HE (1 μM). Early apoptotic cells are positive for AnnexinV and negative for PI
(AnnV+/PI-) and late apoptotic/necrotic cells are both positive for AnnexinV and PI (AnnV+/PI+). Data
are expressed as the mean ± SD of three separate experiments. * p ≤ 0.05 vs. control, *** p ≤ 0.001 vs.
control, # p ≤ 0.05 vs. DEHP alone, ### p ≤ 0.001 vs. DEHP alone.

The results in Figure 7 show that the expression of apoptosis biomarker, p53, increased after
DEHP treatment (Figure 7a,b). This induction was associated with the overexpression of proapoptotic
protein, Bax (Figure 7a,b), and with a decrease in antiapoptotic protein, Bcl2 (Figure 7a,b). All these
effects were prevented by pretreatment with HE (Figure 7a,b). We next examined involvement of
caspase 3 in apoptosis pathways. Western blotting analysis showed that DEHP treatment resulted in
increased level of cleaved active caspase 3 (Figure 7a,b). In addition, caspase-3 activity was measured
by fluorimetric assay. As shown in Figure 7c, DEHP treatment significantly increased caspase-3
activity. HE pretreatment was found to be effective to prevent DEHP-induced activation of caspase-3
(Figure 7a–c). Our results indicate the involvement of the caspase-mediated apoptosis pathway.
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Figure 7. Cont.
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Figure 7. (a) The effect of DEHP and HE treatment on P53, Bax, Bcl2, and caspase-3 protein levels. PC12
cells were pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h (85 μM). The cell lysate
proteins were separated by SDS–PAGE, transferred to nitrocellulose membranes and immunoblotted
with the antibodies against P53, Bax, Bcl2, and activated caspase-3. Protein loading was assessed by
reprobing the blots with the β-actin antibody. (b) The bars represent the percentage changes of density
(folds to control) SD of three independent experiments. (c) The effect of DEHP and HE treatment on
caspase-3 activity. PC12 cells were pretreated with HE (1 μM) for 2 h before DEHP treatment for 24 h
(85 μM). Caspase-3 activity was measured using a commercialized kit. Data are expressed as the mean
± SD of three separate experiments. *** p ≤ 0.001 vs. control, # p ≤ 0.05 vs. DEHP alone, ## p ≤ 0.01 vs.
DEHP alone, ### p ≤ 0.001 vs. DEHP alone.

3. Discussion

Although DEHP is extensively used as a plasticizer, few studies have focused on its brain tissue
toxicity. In the present study, we investigated the protective effect of HE to counteract oxidative stress,
mitochondrial energy deficit and cell death in PC12 cells. Our results showed that HE significantly
increased PC12 cells survival against DEHP insult, an effect associated with a decrease in the level
of ROS generation, and with modulation of mitochondrial respiratory complex activities, as well as
reduction of apoptosis. The present data shows that DEHP induces oxidative stress as demonstrated
by robust increase in ROS generation. ROS excessively produced during oxidative stress cause cell
damage leading to cell death [33].

Pre-treatment of neuronal cells with HE at the dose of 0.5 mg/mL inhibits intracellular ROS
formation and protects cells against DEHP-induced oxidative stress. Protective effects of HE against
oxidative stress-induced injuries have been reported in various in vitro and in vivo studies [39,44].
So, we proposed that this anti-oxidative effect of HE may be partly though the possibility of direct
elimination of ROS or by rescuing the efficiency of complex I given that the inhibition of this complex
is related to ROS overproduction. In fact, it is known that overproduction of ROS might occur through
energy dependent mechanisms, mainly a consequence of an inhibition of complex I which generally is
associated with cell death [45,46].

To assess the possible alterations in energy metabolism following exposure to DEHP, we
measured mitochondrial respiratory complex activities, i.e., NADH-UQ oxidoreductase (complex I),
Succinate-cytochrome c oxidoreductase (complex II-III), Cytochrome c oxidase (complex IV) and ATP
synthase (complex V). Our results clearly show that DEHP inhibits the mitochondrial respiratory
complex I, II-III, IV and V. The mechanism by which DEHP inhibits these complexes is still unclear,
however, we hypothesize that inhibition might result from an imbalance in redox status associated with
alteration in mitochondrial membrane potential, which can eventually lead to structural disorganization
and dysfunction of critical enzymes. Further studies are necessary, however, to determine whether
DEHP induces structural and/or post-translational modifications of these enzymes. On the other hand,
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our results show for the first time that HE treatment could restore the activity of respiratory complexes I,
II-III, IV, and V, suggesting that HE may play a direct role in preserving complex activities and eventually
prevent ROS production, thus renewing the capacity of neurons to produce energy. Such alterations
in respiratory complex activities could be associated with a disturbance of the oxidant/antioxidant
balance equilibrium which induces cell degeneration.

Cells are endowed with cellular pathways involved in the maintenance of cellular homeostasis
to recovery mitochondrial function and confer protection against oxidative stress [39]. Among these
pathways, there is a complex network of the so-called longevity assurance processes, composed of
several genes termed vitagenes [27], which include members of the HSP family, such as HO-1, Hsp72,
but also sirtuins and the thioredoxin/thioredoxin reductase system [27,42,47]. Molecular chaperones
have been known to protect cells against a wide variety of toxic conditions as well as oxidative
stress, extreme temperatures or heavy metals exposure. Chaperones play also an important role
in the preservation and repair of the correct conformation of the cellular macromolecules, such as
proteins, RNAs, and DNA [48]. Indeed, HO-1 catalyzes the degradation of heme and produces carbon
monoxide and bilirubin, which can directly scavenge free radicals and repair DNA damage caused
by oxidative or nitrosative stresses [39]. Sirtuins are histone deacetylases which, in the presence
of NAD+ as a cofactor, catalyze the deacetylation reaction of histone substrates and transcriptional
regulators. Sirtuins regulate different biological processes, such as apoptosis, cell differentiation,
energy transduction, and glucose homeostasis [42]. Furthermore, Trx, is a major redox control system,
consisting of a 12 kDa redox active protein Trx, and a homodimeric seleno-protein called thioredoxin
reductase (TrxR1). TrxR1 is a flavoprotein that catalyzes the NADPH-dependent reduction of oxidized
thioredoxin protein. It is usually located in the cytosol, but it translocates into the nucleus in response
to various stimuli associated with oxidative stress, thereby playing a central role in protecting against
oxidative stress [27].

In this work we provide experimental evidence that PC12 cells treatment with DEHP for 24 h
results in upregulation of vitagenes, in particular Hsp70, HO-1, and Trx and in down regulation of SIRT1.
However, our study shows for the first time that HE pretreatment modulates vitagenes expression in
PC12 cells. Our results are consistent with evidence obtained in mice, showing neuroprotection by HE
on Aβ25–35 peptide-induced cognitive dysfunction [49].

We also provide experimental evidence that upregulation of HO-1 might involve the transcription
factor Nrf2, which was highly expressed in the nuclear fraction of cells exposed to DEHP. Nrf2 is a
transcription factor that regulates the expression of genes involved in protection against oxidative
stress. Nrf2-dependent transcription is under control of the amount of ROS present in cells. Indeed,
under basal conditions, Nrf2 is localized in the cytoplasm in its inactive form where it is bound to its
inhibitor Keap1 which promotes its degradation by the proteasome via an E3 ubiquitin ligase complex.
However, under oxidative stress, Nrf2 dissociates from Keap1, moves into the nucleus, and activates
AREs present in promoter regions of a set of genes [50]. Upregulation of Nrf2 observed in our study
might be due to oxidative stress generated by this phthalate, which on the other hand, was modulated
by HE pretreatment. In addition to this, we found inhibition of the mitochondrial enzyme complexes
activities, which can be considered an event preceding the reduction of the mitochondrial membrane
potential. Consistent to this finding, excess ROS production by decreasing mitochondrial complex
activities and promoting the decline of mitochondrial membrane potential, can induce, as a potent
mediator, cell pathway death [39].

We report here that DEHP induces apoptosis through oxidative stress. To understand whether
pretreatment with HE can alleviate apoptosis following DEHP exposure, some key factors involved
in apoptosis pathway were further evaluated in this study. The apoptotic process is known to be
triggered in cells through either the extrinsic or the intrinsic pathway [12]. The intrinsic apoptotic
pathway is regulated by the Bcl-2 family proteins which are important modulators of MMP [12]. In
order to determine whether Bax, a pro-apoptotic protein, and Bcl2, an anti-apoptotic protein of Bcl-2
family, contributed in the regulation of DEHP-induced decrease of MMP, their expression levels were
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measured. Our results show that DEHP treatment increased Bax and decreased Bcl2 expressions.
Consistent to our findings, it is known that cellular stresses lead to stabilization and activation of
the p53 tumor suppressor protein. Moreover, depending on the cellular context, this results in one
of two different outcomes: cell cycle arrest or apoptotic cell death. Cell death induced through the
p53 pathway is executed by caspase proteinases, which, by cleaving their substrates, lead to the
characteristic apoptotic phenotype such as chromatin condensation, plasma membrane asymmetry,
and the formation of apoptotic bodies [51]. Our results clearly show that DEHP induces a p53 and
caspase-3 activations. These findings confirm that PC12 cells, treated by DEHP, underwent a p53
and caspase-dependent apoptosis. In the other hand, when combined to DEHP (85 μM) and HE
(0.5 mg/mL) significantly reduced the apoptosis induced by this phthalate by decreasing the loss
of membrane mitochondrial potential, diminishing Bcl2 expression level, increasing Bax, P53, and
Caspase-3 expression levels. Although, at the present we cannot precisely indicate whether the
apoptotic pathway involved is intrinsic or extrinsic, however our findings support that HE induces
an anti-apoptotic activity. It is also known that tryptophan is an essential amino acid and it is a
precursor of 5-hydroxytryptamine (serotonin), which is involved in the physiological regulation
of several behavioral and neuroendocrine functions [52]. Tryptophan pathway regulated by the
rate-limiting enzyme, indoleamine-2,3-dioxygenase (IDO-1), has evolved as a therapeutic target in
immunosuppression-induced cancer autoinflammatory diseases [53–56]. Consistent with this notion,
the gut microbiota, which is part of a complex physiological networks, is considered an important source
of tryptophan and tryptophan-derived metabolites also involved in neurotransmitter synthesis [57–59].
In addition, genetically susceptible individuals with impaired mucosal integrity, undergo escaping of
microbial antigens through the epithelial barrier, presenting higher risk for inappropriate immune
response and/or underlying chronic inflammation [60]. Our results are relevant to the biology of chronic
inflammatory pathology, both in central and peripheral tissues, as many researches have demonstrated
that polysaccharides, naturally occurring substances derived from plants or mushrooms [23,37], exhibit
favorable therapeutic and health-promoting benefits [61], particularly in relation to diseases associated
with inflammation [22,37–39]. HE is a medicinal fungus, with the effect of prevention and treatment of
gastrointestinal disorders, particularly, owing to its potential therapeutic effect on cancer, promoting
immune stimulation and improving lipid metabolism and thus gastrointestinal pathology, where it has
been shown that HE supplementation can improve the immune system via regulation of metabolism
and composition of gut microbiota [60], thereby reducing ulceration and providing protection against
gastric mucosal damage [62]. In conclusion, the present work gives new indication on molecular
mechanisms occurring in DEHP exposed PC12 cells, resulting in compensative events against energy
defect, and identifies a novel activity of HE to counteract mitochondrial energy deficit, ROS generation,
and apoptosis in PC12 cells.

4. Materials and Methods

4.1. Chemicals

DEHP was purchased from Sigma-Aldrich (St. Louis, MO, USA), Hericium erinaceus was
from Mycology Research Laboratories Ltd. (Luton, United Kingdom), 3-4,5-Dimethylthiazol-2-yl,
2,5-diphenyltetrazolium bromide (MTT), Cell culture medium Dulbecco’s modified Eagle medium
(DMEM), horse serum, fetal bovine serum (FBS), phosphate buffer saline (PBS), trypsin-EDTA, penicillin
and streptomycin mixture and l-glutamine (200 mM) were from GIBCO-BCL (UK). 2,7-Dichlorofluoresce
diacetate (DCFH-DA) was supplied by Molecular Probes (Cergy Pontoise, France). All other chemicals
used were of analytical grade.

4.2. Hericium Erinaceus (HE) Biomass Preparation

Hericium erinaceus is found almost worldwide; however, its bioactivity varies depending on
the habitat in which it grows. To eliminate these variations, established HE-OX strain was used
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which demonstrates rapid and aggressive colonization. HE, containing both mycelium and primordia
(young fruit body) biomass, obtained cultivating the biomass that is grown on a sterilized (autoclaved)
substrate. The production process involves the inoculation of sterile organic edible grain with spawn
from the mother culture. The fungus is allowed to completely colonize the growth medium aseptically.
At the correct stage of development, corresponding to the maximum bioavailability, the living biomass is
aseptically air-dried, granulated, tested microbiologically, and reduced in powder for tablet preparation.
In comparison to Hericium extracts, biomass has the advantage of preserving all nutraceutical potential
which is usually reduced with extracts or concentrates, including lyophilisation, and thus the activity
of the product corresponds with the source mushroom, while being further intensified by utilizing the
entire mycelium. Powder of Hericium erinaceus biomass containing mycelium and primordia of the
respective mushroom, as the product commercially available, were used for experiments. Optimal
concentration was chosen according to previous studies [39,63].

4.3. Cell Culture

PC12 (ATCC® CRL-1721™) rat cell line were used for experiments. Cells were cultured in DMEM,
supplemented with 10% horse serum, 5% FBS, 1% L glutamine (200 mM), 1% of mixture penicillin
(100 IU/mL), and streptomycin (100 μg/mL), at 37 ◦C in a CO2 incubator. Before the experiments, cells
were differentiated by culturing in serum-free medium containing 50 ng/mL nerve growth factor (NGF)
for 5 days. Protein concentration was estimated using the Bradford assay by spectrophotometrically
reading at 595 nm [64].

4.4. Cell Viability Assay (MTT)

The cell viability was determined by the MTT assay as described in [65]. This test is based on the
ability of living cells to metabolize the yellow tetrazolium salt to a blue formazan via the mitochondrial
succinate dehydrogenase which is a member of mitochondrial electron transfer system complex. To
determine the neuroprotective effect of HE, PC12 cells (105 cells/well in a 24-well plate) were incubated
at 37 ◦C after pretreatment with HE (1 μM) for 2 h and then incubated with DEHP (83 μM) for 24 h.
A negative control containing only cells was also evaluated. After treatment, cells were incubated
with 5 mg/mL MTT for 3 h at 37 ◦C, the medium was removed carefully after the incubation and the
formazan crystals were dissolved in 150 μL of DMSO and absorbance of formazan reduction product
was measured by spectrophotometer at 570 nm using a microplate reader (Biotek, Elx 800, USA). The
results were expressed as the percentage of MTT reduction relative to the absorbance measured from
negative control cells. All assays were performed in triplicate. Based on the results obtained from cell
viability assay, the effective dose of HE against DEHP toxicity was utilized to study the effect of HE by
assessing reactive oxygen species (ROS), mitochondrial membrane potential (MMP), and apoptotic
protein marker expression.

4.5. Determination of Reactive Oxygen Species (ROS) and Oxidative Stress Status

The intracellular ROS amounts were determined using a fluorometric assay with
2,7-dichlorofluorescein diacetate (DCFHDA). After diffusion inside the cell, the probe is hydrolyzed by
intracellular esterase to non-fluorescent dichlorofluorescein (DCFH) and then oxidized to fluorescent
DCF in the presence of ROS [66]. PC12 cells were seeded on 24-well culture plates at 105 cells/well for
24 h. After incubation, cells were treated with 20 μM DCFHDA. Intracellular production of ROS was
measured after 30 min incubation at 37 ◦C by fluorometric detection of DCF oxidation on a fluorimeter
with an excitation wavelength of 485 nm and emission wavelength of 522 nm. Results are expressed
as the ratio of intensity of fluorescence in treated cells to that of the HE responding fluorescence in
the control.
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4.6. Measurement of Mitochondrial Membrane Potential (MMP)

Changes in MMP were determined by the mitochondrial specific, incorporation of a cationic
fluorescent dye Rhodamine-123 (Rh-123) [67]. In a typical experiment, the seeded cell in 96- well
culture plates were treated with DEHP alone or combined to HE for 24 h. Then cells were rinsed with
PBS and 100 μL of Rh-123 (1 μM) in PBS was added on the plates. Cells were incubated (37 ◦C, 5%
CO2) for 15 min. Next, the PBS solution containing non-uptaken Rh-123 was washed and replaced by
fresh PBS and estimated by fluorimetric detection. The results were expressed as the percentage of
uptaken Rh-123 fluorescence relative to the fluorescence measured from negative control cells.

4.7. Cell Death Induced by DEHP

To distinguish apoptotic versus necrotic cells, Annexin V/propidium iodide (AnnV/PI) double
staining was performed. PI in combination with FITC-AnnV permit to discriminate between viable
(AnnV-/PI-), early apoptotic (AnnV+/PI-), and late apopto-tic/necrotic (AnnV+/PI+) cells. The Annexin
V assay was performed following the manufacturer’s instructions (Annexin V-FITC kit, Bender
MedSystems, Vienna, Austria). Fluorescence of at least 5000 cells was analyzed by flow cytometry.

4.8. Preparation of Mitoplasts

PC12 cells were seeded on 6-well culture plates (Polylabo, France) at 1 × 105 cells/well for 24 h
of incubation, after, the cells were incubated with DEHP (85 μM) alone or combined to HE (1 μM),
for 24 h at 37 ◦C PC12 cells were collected by trypsinization, pelleted by centrifugation at 500× g
and resuspended in PBS (pH 7.4). The cell suspension was exposed for 10 min on ice to 2 mg of
digitonin/mg cellular proteins. The mitoplast fraction, obtained by digitonin cell disruption, was
pelleted at 14,000× g and resuspended in PBS [45].

4.9. Mitochondrial Respiratory Complex Activity Assay

Mitochondrial complexes activities were determined in mitochondrial membrane-enriched
fractions from PC12 cells [45]. Aliquots of trypsinized cells were washed with ice-cold PBS, frozen in
liquid nitrogen, and kept at−80 ◦C until use. To isolate the mitochondrial membrane-enriched fractions,
cell pellets were thawed at 2–4 ◦C, suspended in 1 mL of 10 mM Tris–HCl (pH 7.5), supplemented with
1 mg/mL BSA, and exposed to ultrasound energy for 15 s at 0 ◦C. The ultrasound-treated cells were
centrifuged (10 min at 600× g, 4 ◦C). The supernatant was obtained and centrifuged again (10 min
at 14,000× g, 4 ◦C) to collect a mitochondrial pellet that was suspended in 0.1 mL of the respiratory
medium. The activity of NADH:ubiquinone oxidoreductase (complex I) was measured in 40 mM
potassium phosphate buffer, pH 7.4, 5 mM MgCl2, in the presence of 3 mM KCN, 1 μg/mL antimycin,
200 μM decylubiquinone, using 50 μg of mitoplast proteins, by following the oxidation of 100 μM
NADH at 340–425 nm (Δε = 6.81 mM−1 cm−1). The activity was corrected for the residual activity
measured in the presence of 1 μg/mL rotenone. [46]. Succinate-cytochrome c oxidoreductase (complex II
+ III) activity was determined by following its reduction at 550–540 nm in the presence of cytochrome c
(Δε = 19.1 mM−1 cm−1). The activity was also determined in the presence of antimycin A. The activity
of Cytochrome c oxidase (complex IV) was established following the ferrocytochrome c oxidation at
550–540 nm (Δε = 19.1 mM−1 cm−1). Complex V activity (ATP hydrolase activity) was measured by an
ATP-regenerating system. Frozen and thawed cells were suspended (at 0.1 mg protein/mL) in a buffer
consisting of 375 mM sucrose, 75 mM KCl, 30 mM Tris–HCl pH 7.4, 3 mM MgCl2, 2 mM PEP, 55 U/mL
lactate dehydrogenase, 40 U/mL pyruvate kinase, 0.3 mM NADH. The reaction was started by the
addition of 1 mM ATP and the oxidation of NADH was followed at 340 nm [45].

4.10. Protein Extraction and Western Blot Analysis

After treatment with DEHP (85 μM), alone or combined to HE (1 μM), for 24 h at 37 ◦C, PC12
cells (1 × 105) in 6-well plates were harvested, washed with PBS, and lysed in 100 μL lysis buffer
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(Hepes 0.5 M containing 0.5% Nonidet-P40, 1 mM PMSF, 1 mg/mL aprotinin, 2 mg/mL leupeptin,
pH 7.4), and incubated 20 min in ice before centrifugation. Protein concentrations were determined in
cell lysates using Protein BioRad assay. Western blot was carried out as described in [39], proteins
extracted for each sample, at equal concentration (50 μg) were boiled for 3 min in sample buffer
(containing 40 mM Tris–HCl pH7.4, 2.5 % SDS, 5 % 2-mercaptoethanol, 5 % glycerol, 0.025 mg/mL of
bromophenol blue), and then separated on a polyacrylamide mini gels precasting 4-20 % (codNB10420
NuSept Ltd. Australia). Separated proteins were transferred onto nitrocellulose membrane (BIO-RAD,
Hercules, CA, USA) in transfer buffer containing (0.05 % SDS, 25 mM Tris, 192 mM glycine, and 20 %
v/v methanol). The transfer of the proteins on the nitrocellulose membrane was confirmed by staining
with Ponceau Red which was then removed by three washes in PBS (phosphate buffered saline) for
5 min each. Membranes were then incubated for 1 h at room temperature in 20 mM Tris pH 7.4, 150 mM
NaCl, and Tween 20 (TBS-T) containing 2 % milk powder and incubated with appropriate primary
anti-Hsp70 (SC-10789, Santa Cruz Biotech. Inc), anti-heme oxygenase-1 (HO-1) (SC-10789, Santa Cruz
Biotech. Inc), anti-Thioredoxin (Trx) (Sc-13526, Santa Cruz Biotech. Inc.), anti-Sirt1 (SC-74465, Santa
Cruz Biotech. Inc.), anti-Bax (SC-7480, Santa Cruz Biotech. Inc, anti-Bcl-2 (SC-7382, Santa Cruz Biotech.
Inc), anti-p53 (SC-126, Santa Cruz Biotech. Inc), and anti-caspase-3 polyclonal (Santa Cruz Biotech. Inc.)
overnight at 4 ◦C. The same membrane was incubated with a goat polyclonal antibody anti-beta-actin
(SC-1615 Santa Cruz Biotech. Inc., Santa Cruz, CA, USA) to verify that the concentration of protein
loaded in the gel was the same in each sample. Excess unbound antibodies were removed by three
washes are with TBS-T for 5 min. After incubation with primary antibody, the membranes were washed
three times for 5 min. in TBS-T and then incubated for 1 h at room temperature with the secondary
polyclonal antibody conjugated with horseradish peroxidase (dilution1:500). The membranes were
then washed three times with TBS-T for 5 min. Finally, the membranes were incubated for 3 min
with Super Signal chemiluminescence detection system kit (Cod34080 Pierce Chemical Co, Rockford,
IL, USA) to display the specific protein bands for each antibody. The immunoreactive bands were
quantified by capturing the luminescence signal emitted from the membranes with the Gel Logic 2200
PRO (Bioscience) and analyzed with Molecular Imaging software for the complete analysis of regions
of interest for measuring expression ratios.

4.11. Caspase-3 Activation Assay

The measure of caspase-3 activity was performed using a commercially available kit, according to
the manufacturer’s instructions (BD Pharmingen). At 50% confluence, PC12 cells were cultured in the
presence of DEHP alone (85 μM), HE alone (1 μM), or DEHP with HE at 37 ◦C for 24 h. Cells were
harvested and incubated in lysing buffer for 30 min and then incubated with 20 μM Ac-DEVD-AMC
(a substrate for caspase-3-like proteases) at 37 ◦C for 1 h. The release of aminomethylcoumarin
(AMC) was then measured on a Perkin-Elmer fluorimeter using an excitation/emission wave length of
380 nm/460 nm. The results were corrected for total protein content in the lysates using the bicinchoninic
acid assay (Pierce, Rockford, IL, USA), and expressed as the percentage of activity in lysates from
control cultures.

4.12. Statistical Analysis

Each experiment was done independently three times. Values are presented as the mean ±
standard deviation (SD). The analysis parameters were tested for homogeneity of variance and
normality, and they were found to be normally distributed. The data were therefore analyzed using a
one-way analysis of variance (ANOVA) with a post hoc Tukey–Kramer test to identify significance
between groups and their respective controls. In all cases, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) was
considered statistically significant.
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Abstract: Parkinson’s disease (PD) is the second most prevalent late-age onset neurodegenerative
disorder, affecting 1% of the population after the age of about 60 years old and 4% of those over
80 years old, causing motor impairments and cognitive dysfunction. Increasing evidence indicates
that Mediterranean diet (MD) exerts beneficial effects in maintaining health, especially during ageing
and by the prevention of neurodegenerative disorders. In this regard, olive oil and its biophenolic
constituents like hydroxytyrosol (HT) have received growing attention in the past years. Thus, in the
current study we test the health-promoting effects of two hydroxytyrosol preparations, pure HT and
Hidrox® (HD), which is hydroxytyrosol in its “natural” environment, in the established invertebrate
model organism Caenorhabditis elegans. HD exposure led to much stronger beneficial locomotion
effects in wild type worms compared to HT in the same concentration. Consistent to this finding,
in OW13 worms, a PD-model characterized by α-synuclein expression in muscles, HD exhibited
a significant higher effect on α-synuclein accumulation and swim performance than HT, an effect
partly confirmed also in swim assays with the UA44 strain, which features α-synuclein expression
in DA-neurons. Interestingly, beneficial effects of HD and HT treatment with similar strength were
detected in the lifespan and autofluorescence of wild-type nematodes, in the neuronal health of
UA44 worms as well as in the locomotion of rotenone-induced PD-model. Thus, the hypothesis
that HD features higher healthspan-promoting abilities than HT was at least partly confirmed. Our
study demonstrates that HD polyphenolic extract treatment has the potential to partly prevent
or even treat ageing-related neurodegenerative diseases and ageing itself. Future investigations
including mammalian models and human clinical trials are needed to uncover the full potential of
these olive compounds.

Keywords: C. elegans; polyphenols; olive oil; healthspan; lifespan; ageing; Parkinson’s disease

1. Introduction

Emerging research has recently focused on increasing the life expectancy of humans which is,
however, accompanied by a progressively greater prevalence of neurodegenerative disorders, notably
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Parkinson’s disease (PD). PD is the second most prevalent late-age onset neurodegenerative disorder
affecting 1% of the population after the age of about 60 years old and 4% of those over 80 years
old, causing motor impairments, cognitive dysfunction, sleep difficulties, autonomic dysfunctions,
and pain [1]. PD is characterized by the progressive loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) of the midbrain area [2]. At the cellular level, the neuropathological
hallmarks of PD include intra-cytoplasmic inclusions that contain α-synuclein aggregates, a primary
component of intraneuronal Lewy bodies and Lewy neurites in vulnerable neurons of the brain [3].
The loss of dopaminergic neurons results in major motor impairments including resting tremor,
muscle rigidity, bradykinesia and postural instability. Since PD affects neurons in the central and
peripheral nervous systems, patients typically also exhibit multiple non-motor symptoms including
anxiety, depression, memory loss, perturbed proteostasis, mitochondrial dysfunction, oxidative
stress, dysregulation of redox homeostasis as well as neurotoxicity [4]. Although the etiology of
PD is currently unknown, genetic and environmental triggers are two major factors that play a
role in the development of the disease, with the environment accounting for over two-thirds of
all cases [5]. Recently, longitudinal studies have identified at least 23 loci and 19 disease-causing
genes for familial parkinsonism associated with the progression of non-motor symptoms in PD
patients [6,7]. Moreover, several studies have suggested that mitochondrial complex I deficiency
in different brain regions is associated with impairment of energy metabolism and neuronal death
in PD [8]. It has been postulated that neuroinflammatory processes might play a crucial role in
the pathogenesis of PD. The proteomic approach revealed accumulation of neurotoxic misfolded
α-synuclein aggregates inducing microglial activation associated to loss of dopaminergic neurons in
nigrostriatal system underlying PD pathogenesis [9]. Although treatments are available to alleviate
motor symptoms, currently, there are no preventive therapies that can target and lessen PD progression.
Recently, epidemiological and clinical studies have supported the idea that Mediterranean diet (MD)
is strongly associated with lifespan extension as well as with healthy aging process by reducing
the progression of age-related pathologies [10]. The beneficial effects of natural polyphenols and
derivatives comprise multi-target activities including the anti-amyloid aggregation, antioxidant,
antimicrobial, antihypertensive, hypoglycemic, antiproliferative and vasodilator effects, as well as
redox homeostasis activities through a direct modulation of enzymes and proteins involved in stress
response pathways [11–14]. Particular attention has been paid recently by our laboratory to the effects
of natural olive polyphenols such as hydroxytyrosol (HT) and oleuropein aglycone (OLE), [10,15]
known to possess healthspan benefits against α-synuclein aggregation into intracellular Lewy bodies,
as found in PD neurons of the mesencephalic substantia nigra [16]. In addition, in vitro and in vivo
studies have shown that HT exerts various protective effects, particularly, strong anti-oxidant and
radical scavenging activities [17,18]. With regard to mechanism of polyphenol action, the biological
concept of hormesis has emerged as a significant dose response model in the field of neuroprotection
elicited by low dose of olive polyphenols [19]. Notably, increasing evidence suggests that mild stressors
such as HT may offer beneficial effects in a hormetic-like manner by activating Nrf2-stress response
pathway and enhancing brain resilience, neuroplasticity as well as lifespan in vitro and in experimental
PD models [20,21]. Moreover, HT activates the Nrf2–antioxidant response element (ARE) pathway,
leading to the activation of phase II detoxifying enzymes and the protection of dopaminergic neurons
exposed to hydrogen peroxide or to 6-hydroxydopamine [22,23]. This is consistent with the idea that
neurohormesis may have anti-aging effects due to induction of adaptive pathways triggered to cope
with a mild neuronal stress and open novel potential therapeutic strategies for clinical interventions
against the onset and/or progression of PD in humans. In these ways, neurohormetic polyphenols
might protect neurons against injury and disease by stimulating the production of antioxidant enzymes,
neurotrophic factors, protein chaperones and other proteins that help cells to withstand stress [24,25].
Interestingly, our recent in vivo study with olive polyphenols has demonstrated that HT and OLE exert
neuroprotective effects, an improved overall healthspan and, in part, longevity in Caenorhabditis elegans
(C. elegans) models of PD and wild type [15].
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The nematode C. elegans is a multicellular model organism that offers several advantages for
investigating both aging and neurodegenerative disorders [26]. The biological features of C. elegans are
multiple and including short life cycle (i.e., about 3.5 days from egg to adult) and a lifespan of only
about 20 days, transparent body, conserved gene network and neurological pathways [27,28]. Moreover,
comparative proteomics indicates that for 83% of the C. elegans proteome human homologous can be
identified [29]. Comparative genomic analysis also shows that nearly 53% of the human protein-coding
genome has recognizable worm orthologues [30]. Furthermore, there is a tight connection between
lifespan extension and resistance to diverse environments [31]. In this regard, several studies indicate
that different stressors acting in hormetic-like manner extend lifespan in C. elegans [32], and suggest
that hormetic effects could be exploited to prevent the onset of neurodegenerative diseases [20]. Most
importantly, its complete genomic sequence is available. Therefore, C. elegans as a model organism
is widely applied for screening natural bioactive compounds [33]. Several polyphenols effectively
increase healthspan and lifespan as well as mitochondrial function in C. elegans [34–38]. Notably,
C. elegans represents an excellent model to study the neuroprotective effects of olive polyphenols. In this
context, recent research has demonstrated that extracts from olive leaves efficiently scavenged free
radicals in vitro and significantly increased the expression of antioxidant enzymes extending lifespan
and increased stress resistance in C. elegans [39,40].

In the current study we focus on the health-promoting effects of two hydroxytyrosol preparations,
pure hydroxytyrosol and Hidrox®. Hidrox®/ Olivenol Plus™ (HD) is a patented freeze-dried
hydroxytyrosol-rich formulation obtained from the acidic hydrolysis of olive vegetation water (OVW
or olive juice) and where hydroxytyrosol (40–45% at the total water-soluble olive polyphenols) is
maintained in its “natural” environment [41]. Olive juice (aqueous fraction) represents 50% of the
weight of the olive fruit and is normally discarded as wastewater. Several findings have reported that
HD displays different activity than pure or synthetic HT [40]. International in vitro and in vivo studies
showed the health benefits and efficacy of HD as anti-inflammatory, anti-oxidant, anti-scavenger as
well as anti-aggregating compound, particularly in PD [42].

We hypothesized that the polyphenolic treatments, Hidrox® and pure hydroxytyrosol have the
capacity to increase the mean lifespan of C. elegans in the presence and absence of thermal stress.
Furthermore, it is assumed that they are able to counteract the age-related deterioration of general
health parameters, which were assessed by determining the swim performance as a measure of
overall body fitness as well as the autofluorescence as one of the most popular ageing biomarkers [43].
Moreover, numerous in vitro studies were already successfully performed to verify the anti-PD effects
of olive ingredients [14], however, in vivo studies were rarely conducted. Therefore, by using one
chemically-induced and two transgenic PD models of C. elegans, the polyphenolic treatments were
tested for their anti-PD effects in vivo. Besides the swim performance, neuronal degeneration as well
as α-synuclein accumulation were taken into account to assess the anti-PD potential. Finally, it was
hypothesized that HD is even more effective in preventing PD- and ageing-related symptoms than HT,
which was tested by a direct comparison of the action of HT and HD.

2. Results

2.1. HD and HT Enhanced the Health and Lifespan of Wild Type Nematodes

As stress resistance is one of the key features characterizing the health status of an organism [44],
heat stress resistance was determined in the presence and absence of HD in different concentrations.
This test was also used to find the optimal concentration for further investigations. The results
of HT treatment are shown in addition to enable the direct comparison between pure and mixed
polyphenol treatments.

We observed the survival of worms starting from the 3rd day of adulthood, which was the day
of heat stress exposure, until all worms died. The mean survival, which refers to the time between
that stress exposure day until the end of the test, was increased by about 22% (from 2.23 days in
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the control group to 2.71 days in the treated group) during 250 μg/mL HT treatment (Figure 1A),
whereas 250 μg/mL HD extended the survival by even 40% (from 2.96 in the control to 4.13 days)
(Figure 1B). Moreover, the maximum survival, defined as the time point when 90% of the population
was dead, increased by 63% during 250 μg/mL HD treatment (p ≤ 0.001 with Fisher’s Exact Test) and
only by 14% during 250 μg/mL HT treatment (p ≤ 0.05 with Fisher’s Exact Test) compared to the
respective control. 250 μg/mL was the most effective concentration for both treatments in terms of
mean and maximum survival after stress exposure (Table S1), thus, this concentration was selected for
the following experiments.

 

Figure 1. Heat stress resistance in the presence of HT and HD. At the third day of adulthood (day 1)
wild type nematodes were exposed to heat stress at 37 ◦C for 3 h prior monitoring survival. The survival
is plotted as the percentage of the initial population in the control group as well as in the HT (A) and
HD (B) treated groups. Three biological replicates were combined with a total of ≥52 nematodes per
treatment. Statistical significance was calculated by log-rank test. Differences compared to control were
considered significant at p < 0.05 (*) and p < 0.001 (**).

Besides stress resistance, locomotion is one of the most important features that reflects the
general fitness and health status of nematodes [45,46] and shows a constant decline during the ageing
process [47]. Therefore, the swimming behavior was monitored in three different age classes with and
without polyphenol treatment. Three age-dependent motion-parameters were chosen, that is wave
initiation rate (often referred to as thrashing speed), activity index, and body wave number. The wave
initiation rate is the number of body waves per minute, which indicates the movement-speed, whereas
the activity index adds up the number of pixels that are covered by the nematode during the time
spent for two strokes as an indicator for the vigorousness of bending over time. Furthermore, the body
wave number, which is low in healthy and young worms, determines the waviness of the body at each
time point. The data obtained in the current study verify the age-dependence of all selected swim
parameters (Figure 2A–C). As previously described in Restif et al. [47] and Ibáñez-Ventoso et al. [48],
the wave initiation rate (Figure 2A) and the activity index (Figure 2C) decreased with age, whereas the
body wave number (Figure 2B) increased during ageing.
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Figure 2. Healthspan benefits in wild type nematodes treated with HD and HT. The analysis of
locomotion after polyphenol treatments comprises three parameters: the wave initiation rate (A),
the body wave number (B) and the activity index (C). In two independent repeats, a total of ≥63
nematodes were analysed per treatment and age. In addition, the autofluorescence was monitored in
two biological repeats with a total of ≥37 nematodes per treatment and age (D). Data are represented
as mean ± SEM and statistical differences compared to control were considered significant at p < 0.05
(*) and p < 0.001 (**). A3, A7, A12: 3rd, 7th and 12th day of adulthood. Finally, an example for the
typical appearance of red autofluorescence is shown (E) with the respective shot in bright field (F) as
well as the merged and processed picture for the analysis in CellProfiler (G).

Interestingly, the movement speed was not influenced by 250 μg/mL HT in any age group, but
250 μg/mL HD could provoke an increase of 28%, 36%, and 42% in the wave initiation rate at the 3rd,
7th, and 12th day of adulthood, respectively (Figure 2A). Furthermore, HD was also able to enhance
healthspan by decreasing the body wave number by at least 27% in all three age groups (Figure 2B)
and by increasing the activity index by 30% and 48% at the 7th and 12th day of adulthood (Figure 2C),
whereas HT did only positively influence these parameters at the 12th day of adulthood.

In addition, a well-known biomarker was investigated to analyse the beneficial effects of 250 μg/mL
HD on the healthspan of C. elegans. The amount of autofluorescent material, sometimes referred to
as lipofuscin or “age pigment”, increases in C. elegans during ageing [49]. It was shown that red
autofluorescence, which is mainly located in the intestine, reflects the ageing and health status of
nematodes in the most reliable way [43]. Therefore, red fluorescence was measured in C. elegans during
ageing, whereas the total intensity was calculated per worm body as illustrated by Figure 2E–G. Both
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treatments, HT and HD, were able to decrease the accumulation of the fluorescent material at the 12th
day of adulthood by 3%, an effect which was absent in younger worms (Figure 2D).

Finally, the influence of HT and HD on the mortality rate was measured in wild type nematodes
under standard laboratory conditions. The treatment with 250 mg/mL HT and HD resulted in an
increase of mean lifespan by 14% (Figure 3A) and 12% (Figure 3B), respectively. The maximum lifespan,
however, was only slightly (without significance according to the Fisher’s Exact Test) increased by
7% after HD-treatment and the biggest increase was visible in the median lifespan (16%). A similar
pattern was observed in the HT-treated group.

 
Figure 3. Life prolonging effects of HT and HD in wild type. The survival curves of control and
polyphenol treated nematodes are shown. Survival is expressed as a percentage of the initial population
per day. The curves represent three independent trials with a total of 250 and 286 nematodes in the
control and HT treated nematodes, respectively (A) and two independent trials with a total of 172 and
144 nematodes in the control and HD treated nematodes, respectively (B). Statistical significance was
calculated by log-rank test; differences compared to control were considered significant at p < 0.001 (**).

2.2. Rotenone-Induced Parkinsonian Models in C. elegans Profit from HT and HD

Exposure to the pesticide rotenone induces the parkinsonian syndrome in wild type C. elegans,
which manifests in impaired fitness and movement [50]. A swim assay (illustrated in Figure 4D,E) was
performed to determine whether HD and HT are able to reduce the rotenone induced symptoms. 10 μM
rotenone strongly impaired the movement capacities at the 3rd and 7th day of adulthood in all tested
parameters (Figure 4A–C) when compared to untreated nematodes at the same age (Figure 2A–C).
Interestingly, both polyphenol treatments showed similar beneficial effects on nematodes suffering
from rotenone at both tested ages. The body wave number (illustrated in Figure 4F) was decreased by
up to 30% and 24% after HD- and HT-treatment, respectively (Figure 4B). The thrashing speed was
increased after HT-treatment by 68% and 56% at the 3rd and 7th day of adulthood, respectively and
by 119% and 55% at the 3rd and 7th day of adulthood, respectively, after HD- treatment (Figure 4A).
But the strongest effects were observed in the activity index with an increase of 142% (A3) and 116%
(A7) after HT-treatment and 209% (A3) and 58% (A7) after HD-treatment (Figure 4C).
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Figure 4. Effect of HD and HT on rotenone induced locomotion impairment. 10 μM rotenone
administration with and without simultaneous HD or HT treatment started at the fourth larval stage.
The wave initiation rate (A), the body wave number (B) and the activity index (C) are shown at the
third (A3) and seventh (A7) day of adulthood. Data are pooled from two biological repeats with ≥44
worms per treatment and age. The bars represent the mean ± SEM and differences compared to control
were considered significant at p < 0.05 (*) and p < 0.001 (**). The appearance of single frames in swim
analysis are shown before (D) and after (E) image processing. In addition, single nematodes recognized
by CeleST (as indicated by the green outline) are shown with increasing number of body waves (F).
The blue scale bars represent 2.5 mm (D,E) and 200 μm (F), respectively.

2.3. Benefits by HT and HD in α-Synuclein-Induced Parkinsonian Models

The transgenic C. elegans synucleinopathies-model ‘OW13′ features α-synuclein expression in the
body wall muscle cells driven by the muscle specific unc-54-promoter. The resulting movement deficits
were already described by Van Ham et al. [51] and were also visible in the current study. The wave
initiation rate, for instance, deteriorated by more than 50% when comparing untreated wild type
animals (Figure 2A) with OW13 nematodes (Figure 5A) at the 3rd day of adulthood. Both polyphenols
were able to mitigate the α-synuclein-induced locomotion impairments, whereas HD showed slightly
higher capacities in aged (A7) nematodes (Figure 5A–C): At the 7th day of adulthood, the wave
initiation rate (Figure 5A), the body wave number (Figure 5B), and the activity index (Figure 5C) were
improved by HD-treatment by 96%, 42%, and 70%, respectively, whereas HT led to an enhancement by
47%, 25 %, and 34%, respectively.
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Figure 5. Benefits from HD & HT treatment in the OW13 strain. The nematode strain OW13 is
characterized by α-synuclein expression in the body wall muscle cells. After polyphenol treatment,
the wave initiation rate (A), the body wave number (B) and the activity index (C) were determined
in two independent trials with ≥51 nematodes per treatment and age. Furthermore, the α-synuclein
accumulation in muscle cells was quantified in two trials with ≥35 nematodes per treatment and age
by fluorescence microscopy using a yellow filter (D). Data are presented as mean ± SEM. Differences
compared to control were considered significant at p < 0.05 (*) and p < 0.001 (**). A3, A7, A12: 3rd,
7th and 12th day of adulthood. Finally, examples for the appearance of α-synuclein accumulation with
increasing fluorescence intensities are shown (E).

The accumulation of α-synuclein in the muscle cells can be directly observed and quantified in
the OW13-strain (Figure 5E). This is possible due to the transparent nature of C. elegans and due to the
linkage of the yellow fluorescent protein (YFP) to the synthesized α-synuclein. Thus, fluorescence
microscopy enabled the detection of potential α-synuclein-inhibiting abilities of the tested polyphenol
treatments. Indeed, both treatments led to a reduction of accumulated YFP (Figure 5D), which is a
direct indication for the decrease of the α-synuclein amount. The enhancement by the polyphenols
is quite similar at A3 (5–6%), whereas HD showed clearly stronger effects at A7 and A12 with a
decrease of 17% and 18%, respectively, compared to HT-treated nematodes with a decrease of 7%
and 14% (Figure 5D). The overall reduction of the fluorescence intensities with age is based on the
aging-dependent decline of unc-54 expression [52].
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Furthermore, the Parkinson’s model ‘UA44′ was used to investigate the anti-Parkinsonian
capacities of the polyphenol treatments. This strain is characterized by the expression of α-synuclein
in dopaminergic neurons, which does not lead to distinct movement deficits [53] but to accelerated
neurodegeneration [54]. Interestingly, only the wave initiation rate could profit from HT and HD
treatment in this model (Figure 6A): HT increased the rate by 11% (A3) and 26% (A7) and HD by 45%
(A3) and 28% (A7). No enhancement could be observed in the body wave number (Figure 6B) or the
activity index (Figure 6C) by either polyphenol treatment.

 

Figure 6. Benefits from HD & HT treatment in the UA44 strain. The nematode strain UA44 is
characterized by α-synuclein as well as GFP expression in dopaminergic neurons. After polyphenol
treatment, the wave initiation rate (A), the body wave number (B) and the activity index (C) were
determined in two independent trials with ≥48 nematodes per treatment and age. Furthermore,
the neuronal viability was analysed in three trials with ≥39 nematodes per treatment and age by
fluorescence microscopy using a green filter. Shown are the percentages of nematodes with degenerated
dopaminergic anterior neurons with and without polyphenolic treatment (D). Data are presented as
mean ± SEM. Differences compared to control were considered significant at p < 0.05 (*) and p < 0.001
(**). A3, A7, A12: 3rd, 7th and 12th day of adulthood. Two nematodes with neurodegeneration
characterized by missing or weak fluorescence in the DA neurons (E) as well as two nematodes with
intact neuronal appearance (F) are shown. The DA neurons are sub-classified as four CEP neurons (red
arrows), which are superimposed in most pictures and two ADE neurons (yellow arrows).
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In the UA44 strain, the green fluorescent protein (GFP) is linked to the dopamine transporter
in dopaminergic neurons, thus, the vitality of the six anterior and two posterior dopaminergic (DA)
neurons can be observed with a fluorescent microscope. The α-synuclein-induced damage of the nerve
cells manifests as lowered or missing fluorescence in single neurons, whereas the classification of intact
and degenerated anterior DA neurons were performed as described in Harrington et al. [55] and as
illustrated in Figure 6E,F. The increase of degenerated neurons with age could be completely blocked
by 250 μg/mL HD (Figure 6D). In all age classes, the quantity of degenerated anterior DA neurons
constantly amounts to about 26% in the HD-treated group, whereas the quantity of degenerated
neurons in the control group increased by 22% from 34% (A3) to 56% (A12). HT-treated nematodes also
featured a neuroprotective effect, however, an increase of neurodegeneration with age is still visible.

2.4. Summary and Comparison of HD- and HT-Action in All Bioassays

To compare the efficiencies of the action of HT and HD in all bioassays, the percentage changes
relative to the respective control without polyphenol treatment were calculated and illustrated (Figure 7),
whereas saturated and light-coloured bars represent significant and non-significant changes to the
control, respectively. Furthermore, the measurements in the HT- and HD-treated groups were statistically
compared with each other and labelled with * (p < 0.05) or ** (p < 0.001). Both polyphenol treatments are
very efficient in enhancing all swim parameters in the rotenone PD-model and no significant differences
could be detected between the HT- and HD-treated groups. However, in the wild type, the advantage of
HD compared to HT is visible in two of the three locomotion characteristics. Since the measurements of
lifespan and heat stress resistance were performed separately and with different control-groups, no direct
comparison was possible in these cases. The effect of HD and HT was quite similar in the UA44 transgenic
strain; only the wave initiation rate of young UA44-nematodes differed in HT- and HD-treated nematodes
with a significant advantage in the HD-treated group. Moreover, the advantage of HD compared to HT
is clearly visible in older OW13 nematodes, where α-synuclein accumulation, wave initiation rate and
activity index featured a more pronounced benefit from the HD-treatment. None of the measurements in
any strain exhibited an advantage of HT compared to HD.

Figure 7. Summarized percentage changes after polyphenol treatment in all bioassays. The graph
shows the percentage changes in all measured parameters compared to the respective control.
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Dark red (HT) and dark green (HD) bars represent significant (p < 0.05 or p < 0.001) and light green
or red bars non-significant (ns) differences to the control. In addition, the differences between the
HT- and HD-treated groups were statistically determined and the differences between the treated
groups were considered significant at p < 0.05 (*) and p < 0.001 (**). Due to the distinct performance
of the assays with temporal distance and separate control-groups, no direct comparison of HT and
HD was conducted for the lifespan and heat stress resistance assy. A3, A7, A12: 3rd, 7th and 12th day
of adulthood.

3. Discussion

3.1. HD and HT Enhance Health and Longevity of Wild type C. elegans

Many studies reported the beneficial effects of polyphenols and flavonoids to improve health
and extend lifespan in C. elegans [56,57]. Furthermore, healthy aging can be enhanced by several
broad factors such as hormesis, autophagy and calorie restriction that increase stress resistance and
longevity in C. elegans [58,59]. Healthspan is hard to define since it comprises the core features
of health, that is physiological, cognitive, physical and reproductive function as well as a lack of
disease [44]. To determine and compare the effects of treatments in terms of healthspan, it is necessary to
operationalize features of health and thus, enable an objective way to measure healthspan. In this regard,
the identification of predictive biomarkers and molecular pathways of health are mandatory to finally
suggest applicable interventions, such as nutrition and exercise [44]. In the present study, we have
demonstrated that the polyphenolic preparations HD and HT at a concentration of 250 μg/mL prolong
lifespan and improve healthspan, determined via several physiological and functional parameters such
as stress resistance, age pigment accumulation and swim behaviour in old wild type worms. The most
powerful predictor of longevity and healthspan in old worms seems to be movement [60,61]. Similar
to humans, the ability of C. elegans to move diminishes with aging [62]. Interestingly, HD also exerted
optimal performances regarding the impact on locomotion in older wild type nematodes, which can be
interpreted as an anti-ageing effect, while HT treatment did not show such evident improvements.

To treat C. elegans as naturally as possible, a live bacterial food was used throughout their life
in this study. However, this protocol could also create some problems, which should be mentioned
here. By adding these compounds to the living feeding bacteria, compound-bacteria interactions
cannot be excluded. It is known that several plant polyphenols possess antibacterial activities [63].
These potential antimicrobial abilities could result in the inhibition of bacterial proliferation, which
in turn would reduce the harmful intestinal accumulation of bacteria during ageing and prolong
healthspan in C. elegans [64–66]. However, a recent study by Medina—Martínez et al. [67] showed,
that at least 400 μg/mL HT were necessary to produce a perceptible growth deceleration of different
E. coli strains. Furthermore, also olive leaf extract was shown to be only weakly active against E. coli
bacteria [68]. On the other hand, it also cannot be excluded that compound-bacteria interactions lead
to the degradation of the test compound by the bacteria. At least for hydroxytyrosol, this possibility
can be neglected according to the study by Medina—Martínez et al. [67] who showed that degradation
by E. coli was present to only a small extent. Nevertheless, in future studies the metabolic profile of
C. elegans after the digestion of HT and HD in combination with alive E. coli should be checked for
potential degradation products.

3.2. Hormesis Is Involved in Neuroprotective Effects from HD

Mild stress-induced hormesis represents a promising strategy to improve longevity and healthy
aging. A recent paper demonstrated that hormesis leads to ageing-deceleration and highlighted its
beneficial effects on lifespan, overall healthspan and especially stress resistance by activation of daf-16,
sod-3, ctl-1, hsp-16.2 and sir-2.1 longevity genes in C. elegans [69]. Other recent studies also indicated
the anti-aging effect of hormesis and considered it as an overcompensation stress response to the
disruption in homeostasis via HSF-1 and SKN-1/Nrf2 signalling pathways [70,71]. The transcription
factor SKN-1, the C. elegans orthologue of mammalian Nrf2 protein, is a well-known longevity factor
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that plays an essential role in oxidative stress response. It has also been reported that activation of
SKN-1 induces the suppression of DAF-16, another well-known longevity gene, leading to detrimental
effects on stress resistance and lifespan in C. elegans. In the same study, it has been demonstrated
that oleic acid induces protective actions by regulating DAF-16 to promote lifespan extension and
health in ageing worms [72]. In addition, a recent study reported that a chaperone complex mediates
longevity response between HSF-1 and DAF-16/FOXO by reducing insulin/IGF-1 signaling to increase
the lifespan in C. elegans [73]. The 90-kDa heat-shock protein (HSP-90) is an essential, evolutionarily
conserved eukaryotic molecular chaperone [74]. Consistent with this concept, a recent study showed
that DAF-21/HSP-90 is required for C. elegans longevity and provides a functional crosstalk between
the proteostasis and nutrient signaling networks by ensuring DAF-16/FOXO isoform A activity [75].
Interestingly, the sirtuin family, named after mammalian Sirtuin 1 (SIRT1), features a high number of
sirtuin-orthologs in several organisms, such as SIR-2.1 in C. elegans. Recently, it has been demonstrated
that HSP-90/Hsp90 modulates lifespan via SIR-2.1/SIRT1 in C. elegans and in mammalian cells [76].

The Brunetti et al. [15] findings were supportive of a hormetic dose response for hydroxytyrosol
with the optimal concentration at 250 μg/mL, the same concentration employed in the present study
within a similar preconditioning experimental system. These findings are consistent with a substantial
body of research that shows that preconditioning experiments which employed an adequate number
of conditioning doses typically demonstrate a hormetic dose response [77,78], which is characterized
by a low dose stimulation with the maximum response typically about 30–60% greater than the control
response, similar to what was reported here. Thus, a hormetic background mechanisms for the action
of HD seems plausible. Hidrox® has an excellent safety profile, with no adverse effects even at a very
high dose [41]. Consistent with this notion, in vitro studies have evaluated HT as a non-genotoxic
and non-mutagenic compound with NOAEL (No Observed Adverse Effects Level) classification,
suitable for long-term consumption [79]. Thus, the safety profile of Hidrox® makes it an excellent
food supplement.

3.3. Implications in PD Pathogenesis

Delaying aging, e.g., as seen after HD treatment, is a neuroprotective mechanism that may provide
potential prevention in worm models of PD [80]. Parkinson’s disease (PD) is a neurodegenerative
disorder characterized by a severe depletion in number of dopaminergic cells of the substantia nigra
(SN). As an effect of this reduction in dopaminergic neurons, a significant fall in brain dopamine (DA)
levels occurs [81]. Although several hypotheses have been raised, including (i) defective DNA repair
mechanisms, (ii) specific genetic defects, (iii) mitochondrial dysfunction, or (iv) toxic compounds in
the environment, none of these, alone, completely explains the cascade of events responsible for the
onset and progression of PD [81–84]. A large body of evidence demonstrates that free radicals play
a key role in the pathogenesis of PD. In fact, there is a 10-fold increase in hydroperoxide levels in
SN in PD, and dopaminergic neurons produce hydrogen peroxide either enzymatically, through the
activity of mono-amine oxidase-A (MAO-A), or non-enzymatically via the intracellular autoxidation of
DA [81,85]. Once formed, hydrogen peroxide by reacting with the reduced form of transition metals,
such as Fe (II) and Cu(I), gives rise to the powerful oxidant hydroxyl radical and oxidative damage
to nigral membrane lipids, proteins, and DNA ensues [86]. Reduced glutathione (GSH) significantly
contributes to the detoxification of hydroxyl radical; in fact it reacts with the free thiol group of GSH
which is oxidized to GSSG [86,87]. Unfortunately, SN has very low levels of GSH compared with other
brain areas and this contributes to the triggering of PD pathogenesis by free radicals [88].

A number of worm models of PD have been generated through either exposing worms to a
neurotoxic chemical such as 1-methyl-4-phenylpyridium ions (MPP+) or 6-hydroxydopamine (6-OHDA)
or by reproducing the genetic defect present in the inherited form of PD [53]. In particular, many
recent data suggest a key role played by phenolic components of extra virgin olive oil (EVOO) in
counteracting protein misfolding and proteotoxicity, with a particular emphasis on the mechanisms
leading to the onset and progression of PD. Notably, HT efficiently neutralizes free radicals and protects
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biomolecules from ROS-induced oxidative damage. In this regard, HT activates the Nrf2–antioxidant
response element (ARE) pathway, leading to the activation of phase II detoxifying enzymes and the
protection of dopaminergic neurons exposed to hydrogen peroxide or to 6-hydroxydopamine [89–91].
These protective enzymes include NADPH quinone oxidoreductase-1, heme oxygenase-1, glutathione
S-transferase, and the modifier subunit of glutamate cysteine ligase, which catalyzes the first step in
the synthesis of GSH [10]. It is noteworthy that HT, a product of dopamine metabolism, is present in
the brain [92]. Specifically, monoamine oxidase (MAO) catalyzes oxidative deamination of dopamine
in a neurotoxic metabolite, DOPAL (3,4-dihydroxyphenylaldehyde) in dopaminergic neurons [93].
The latter can be oxidized by aldehyde dehydrogenase (ALDH) to DOPAC (3,4-dihydroxyphenylacetic
acid), the major metabolite of dopamine in the brain or may be reduced to HT by alcohol dehydrogenase
(ADH). At the same time, DOPAC reductase can transform DOPAC into HT [94]. DOPAL is a highly
reactive metabolite, suggesting that it might be a neurotoxic dopamine metabolite with a role in the
pathogenesis of PD.

Several studies reported the neurotoxicity of DOPAL in vivo and strongly suggest its role in PD
pathogenesis [95].

The health effects of olive polyphenols, particularly HD and HT on the ageing process in old worms
(i.e., increased locomotion and reduced intestinal autofluorescence) have been reported here. Our study
reinforces the hypothesis that HD is protective against PD pathogenesis. This is in agreement with other
studies showing that the olive fruit derivatives oleuropein and HT, as well as other polyphenols, such
as the green tea derivative epigallocatechin 3-gallate (EGCG) inhibit DA-related toxicity and protect
against environmental or genetic factors that induce DA neuron degeneration by the modulation of
Nrf2-Keap1 and PGC-1α anti-oxidative signaling pathways in vitro and in vivo [96–98]. In addition,
another recent study suggested that tyrosol from EVOO is effective in reducing α-synuclein inclusions,
resulting in a lower toxicity and extended lifespan of treated transgenic nematodes [99].

Notably, α-synuclein is an aggregation-prone neuronal protein whose cellular function is not
well known. As C. elegans has no orthologue of this protein, worm models have been generated by
overexpression of wild-type or mutant forms of human α-synuclein in different tissues (i.e., either
body-wall muscle, pan-neuronal, or only in the dopaminergic neurons). In most cases, overexpression
leads to locomotion defects or the degeneration of dopaminergic neurons [26].

Interestingly, both polyphenols mitigated, age-dependently, the build-up of human α-synuclein
in the body wall muscle cells of a transgenic C. elegans model (strain OW13) and improved swim
performance. Our results are relevant to PD pathogenesis, due to the central role of mitochondria in
metabolism, ROS regulation, and proteostasis [100]. The extent to which these pathways, including
the mitochondrial unfolded protein response (UPR) and mitophagy, are active may predict severity
and progression of these disorders, as well as sensitivity to chemical stressors. This holds true when
considering, in a PD-like context, that transgenic nematodes express the Lewy body constituent protein
α-synuclein. In fact, recent studies suggested that co-expression of α-synuclein and ATFS-1-associated
dysregulation of the UPR synergistically potentiate dopaminergic neurotoxicity [101]. Moreover, other
evidences have demonstrated that, in C. elegans, the inducible transcription factor SKN-1, directly
controls UPR signaling and controls the transcription factor genes of XBP-1 and ATF-6 [102].

3.4. HD Is More Effective in Health Maintenance than Pure HT

In the present paper, we compared the health effects of Hidrox® and hydroxytyrosol as
neuroprotective agents in C. elegans wild type and PD models. An important consideration that
has emerged from this study relates to the different strength of biological activities delivered by
hydroxytyrosol in its “natural” environment versus hydroxytyrosol in its purified, synthetic form.
Although HT and HD were formulated to the same concentrations of 250 μg/mL, the two formulations
used in the experiments contain dramatically differing hydroxytyrosol concentrations. HD as a raw
formulation, indeed, contains a much smaller amount of hydroxytyrosol. 250 μg of HD correspond to
30 μg total polyphenols and only approximately 15 μg hydroxytyrosol. Thus, in comparison to the HT
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formulation (100% hydroxytyrosol), HD has 1/17th of the hydroxytyrosol in HT, but provides similar
or even higher activity in all the assays so far described.

The difference between a “natural” formulation of olive polyphenols and purified fractions of
olive polyphenols is, however, not surprising. Several studies published in the literature [14,21,42]
have confirmed that hydroxytyrosol, stripped from its natural environment and/ or cofactors which can
be in minute concentrations in the juice of olives, provided a much less and limited range of activities
in vitro and in vivo. Therefore, HD activity cannot just be accounted by and attributed solely to
hydroxytyrosol. While this study confirms that “natural” HD has a superior range of activities than its
purified or synthetic hydroxytyrosol counterpart, further studies are needed to support this conclusion.

Due to its composition (see chromatogram in Figure S1), it is plausible that other polyphenols than
HT alone, might be involved in the beneficial action of HD. HD, in fact, contains compounds such as
oleuropein, oleuropein aglycone, tyrosol, and gallic acid, to only name a few [41,103]. Previous studies
already showed their abilities to improve the life- and healthspan of the nematodes [15,35,40,98], thus,
it could be argued that the beneficial action of HD is due to one of those polyphenolic ingredients
independent of HT. However, oleuropein, for instance, being the second most abundant polyphenol
in HD, is only present in trace amounts. Only about 1% of HD consists of oleuropein so that the
final concentration of 250 μg/mL HD delivers only about 2.5 μg/mL oleuropein. In our previous
study, we could show that even 30 μg/mL HT or oleuropein aglycone were not sufficient to provide
healthspan benefits [15]. Thus, it is unlikely that any single polyphenol included in HD is responsible
for the observed effects. More likely, the polyphenols act in concert, whereas HT as the most abundant
polyphenol in HD plays a central role. Additional experiments with chemically defined mixtures of
polyphenols and other HD ingredients must be performed in future to find the responsible elements
for healthspan enhancement by HD.

Our findings are in agreement with other studies indicating a higher cytoprotective activity of
HD than that of purified HT. Consistent with this line of evidence, in vitro studies have measured the
damage produced to the cell membrane by potent oxidant agents like H2O2 and 15-HPETE in bovine
heart endothelial cells, and revealed that HD was extremely active in preventing membrane damage
even at concentrations in micromolar range (10−6), while pure HT obtained by HPLC separation
was not protective against oxidant insult and damage [104]. On the contrary, high concentrations
of purified HT produced a pro-oxidation effect and increased the cytotoxicity of the oxidants [103].
Another in vitro study confirmed that HD had higher antioxidant and anti-inflammatory activity than
the same amount of pure HT, as demonstrated following the oxidation of mitochondrial membrane
lipids by free radicals applying Electron Spin Resonance (ESR) spectroscopy (using Superoxide, HO
radical and NO radicals as toxic agents) [104]. Furthermore, by measuring the effect of HT and HD
on atherosclerosis lesions in an animal model, it was shown that the phenolic-enriched olive product
(HT), out of its original matrix, could not only be not beneficial but actually harmful. The results
suggest that the formulation of functional foods may require maintaining the natural environment
in which these molecules are found [105]. In humans, HD administrated orally (1 mL of Olivenol,
2.5 mg HT) significantly increased plasma antioxidant activity and, in addition, bioavailability studies
have established that, after ingestion, the absorption of HT from olive oil is dose-dependent, with low
adsorption bioavailability after administration of a high amount of pure HT [106].

4. Materials and Methods

4.1. C. elegans Maintenance

The wild type C. elegans strain N2 (var. Bristol), the transgenic C. elegans strain OW13 (grk-1(ok1239);
pkIs2386 [unc-54p::α-synuclein::YFP + unc-119(+)]) as well as the Escherichia coli feeding strain OP50
were obtained from the Caenorhabditis Genetics Centre (CGC, University of Minnesota, Minneapolis,
MN, USA). The C. elegans strain UA44 (baIn11[Pdat-1::α-synuclein, Pdat-1::GFP]) was kindly provided
by the Caldwell laboratory (University of Alabama, Tuscaloosa, AL, USA) [107]. All nematodes were
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maintained on standard nematode growth medium (NGM) agar plates at 22 ◦C, seeded with OP50
according to Brenner [108]. Prior to all tests, synchronized C. elegans populations were obtained
by dissolving young adults in a 3% sodium hypochlorite solution according to Stiernagle [109].
The obtained eggs hatched in M9 buffer overnight, and were transferred to new NGM plates the
following day. About 48 h later, L4 larvae were transferred to treatment and control plates. In order to
inhibit the reproduction, 100 μM 5-fluoro-2-deoxyuridine (FUdR) was added to each plate [110].

4.2. Polyphenol and Rotenone Treatment

The treatment plates were prepared with the polyphenol hydroxytyrosol (HT; Sigma-Aldrich,
St. Louis, MO, USA or with the aqueous olive pulp extract “HIDROX®” (HD). The HD extract was
provided by Oliphenol LLC (Hayward, CA, USA), and total polyphenolic content of the HD extract
was declared as 12% [111]. Among the polyphenolics, the major constituent of HD is hydroxytyrosol
(40–50%), while other polyphenols present include oleuropein (5–10%), tyrosol (0.3%), and about 20%
of other polyphenols including oleuropein aglycone and gallic acid [41]. HD is a freeze-dried powder
prepared from the acidic hydrolysis (citric acid 1%) of the aqueous fraction of olives extracted from
the defatted olive pulp, a byproduct during the processing of olives (Olea europaea L.) for olive oil
extraction [41]. Hidrox® is titrated on the total content of olive polyphenols (12%).

HT and HD were dissolved in bidistilled water at 60 mg/mL and the solutions were stored
at −20 ◦C. HT or HD, respectively, were added to the bacteria and agar at a final concentration of
100–500 μg/mL.

To trigger the Parkinsonian phenotype, wild type nematodes were exposed to rotenone. A stock
solution of 0.5 mg/mL rotenone was prepared in DMSO and added to a final concentration of 10
μM to the control and polyphenol plates. After distribution with a spatula and drying for 24 h in
the dark, OP50 (including 10 μM rotenone and the respective polyphenol) was spread on the plates.
L4 nematodes were transferred to the rotenone plates until they were used for bioassays.

4.3. Lifespan and Heat Stress Assay

Synchronized wild type nematodes were observed with a stereo microscope and scored for their
survival by gently touching them with a platinum wire. The animals were counted daily from the first
day of adulthood until all died. Contaminated plates as well as vanished nematodes were censored.
The heat stress test was performed according to the lifespan protocol, however, nematodes were
stressed by heat (37 ◦C) for 3 h at the third day of adulthood and counting of dead and alive worms
started 1 day after stress exposure.

4.4. Fluorescence Microscopy Analysis

For the fluorescence observation, several nematodes were placed on a 2% agar pad on a microscope
slide and anesthetized with 4 μL NaN3 (1M). The images were taken with the aid of the Axioskop
fluorescence microscope (Carl Zeiss, Oberkochen, Germany) and filter sets from the Zeiss 4880 series.

To determine the autofluorescence in wild type nematodes, the images were captured at 100×
magnification with a red filter set (TRITC, 545/30 nm ex, 610/70 nm em). In addition, bright field
images were used to define the shape of each worm. The CellProfiler Software [112,113] was used to
determine the mean red fluorescence intensity per total worm body.

The OW13 transgenic strain features yellow fluorescent protein linked to α-synuclein in the body
wall muscle cells. Therefore, the nematodes were captured by using a yellow barrier filter with 100×
magnification. The images were processed using the CellProfiler software and the yellow fluorescence
intensity emitted per total worm body was calculated.

The UA44 transgenic strain features GFP linked to the dopamine transporter in the six dopaminergic
neurons of the head and two in the tail as well as α-synuclein expression in dopaminergic neurons.
To analyse the vitality of the neurons, the green barrier filter was used with a 200× magnification.
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The number of detectable anterior neurons were finally counted and assayed for patterns of degeneration,
as described previously from Harrington et al. [55].

4.5. Swim Behaviour Assay

Wells with a depth of 0.5 mm and Ø 10 mm were created with two self-adhesive marking films for
microscope slides and filled with M9 buffer. 5 to 10 nematodes were transferred per well, covered by a
cover slip, and recorded for 60 s with a connected camera. Each video was converted into single frames
which were analysed with the CeleST software as described by Restif et al. [47] and Ibáñez-Ventoso
et al. [48]. The wave initiation rate, the body wave number and the activity index were evaluated as
representative parameters of locomotive behaviour.

4.6. Statistical Analysis

All experiments were independently conducted at least two times. The Online Application for
Survival Analysis (OASIS 2; https://sbi.postech.ac.kr/oasis2/) [114] was used for comparing survival
differences between two conditions. Fluorescence intensities as well as swim behaviour parameters
were calculated as mean ± SEM and statistical significance was calculated by two tailed t-test using
GraphPad (https://www.graphpad.com/quickcalcs/). Chi-square test was used to compare the number
of worms with intact and degenerated neurons in the UA44 strain.

5. Conclusions

Both polyphenol treatments—pure hydroxytyrosol and the natural preparation ‘Hidrox®’—were
able to similarly improve the lifespan, stress resistance as well as age pigment accumulation in wild
type nematodes. Furthermore, the beneficial locomotion effects of HD and HT are quite equally strong
in the rotenone-stressed PD-model of C. elegans. However, the abilities of HD and HT also provide
some differences: HD exposure led to much stronger beneficial locomotion effects in wild type worms
compared to HT. Moreover, also the PD-model characterized by α-synuclein expression in muscles
(strain OW13) did benefit significantly more from HD than HT. Only in the UA44 strain, which features
α-synuclein expression in DA-neurons, the beneficial effects of HD and HT are rather weak with only one
minor advantage of HD over HT. Thus, the hypothesis that HD features higher healthspan-promoting
abilities than HT was only partly confirmed. Further studies are needed to uncover the molecular
background mechanisms which led to this distribution of effects. Nevertheless, both polyphenolic
treatments have the potential to partly prevent or even treat ageing-related neurodegenerative diseases
and ageing itself. Future investigations including mammalian models and human clinical trials are
needed to uncover the full potential of these olive ingredients.
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ADH: Alcohol dehydrogenase; ALDH: Aldehyde dehydrogenase; ARE: Antioxidant response element; C.
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3,4-dihydroxyphenylacetic acid; DOPAL: 3,4-dihydroxyphenylaldehyde; EGCG: Epigallocatechin 3-gallate; ESR:
Electron Spin Resonance; EVOO: Extra virgin olive oil; GFP: Green fluorescent protein; GSH: Reduced glutathione:
GSSG: Oxidized glutathione; HD: Hidrox®/Olivenol Plus™; HT: Hydroxytyrosol; HSP-90: Heat-shock protein-90;
MAO-A: Mono-amine oxidase-A; MD: Mediterranean diet; MPP+: 1-methyl-4-phenylpyridium ions; NGM:
Nematode growth medium; 6-OHDA: 6-hydroxydopamine; OLE: Oleuropein aglycone; OVW: Olive vegetation
water; PD: Parkinson’s disease; SN: Substantia nigra; SNpc: Substantia nigra pars compacta: SIRT1: Sirtuin 1;
UPR: Unfolded protein response; YFP: Yellow fluorescent protein
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Abstract: Numerous studies highlighted the beneficial effects of the Mediterranean diet (MD)
in maintaining health, especially during ageing. Even neurodegeneration, which is part of the
natural ageing process, as well as the foundation of ageing-related neurodegenerative disorders like
Alzheimer’s and Parkinson’s disease (PD), was successfully targeted by MD. In this regard, olive oil
and its polyphenolic constituents have received increasing attention in the last years. Thus, this study
focuses on two main olive oil polyphenols, hydroxytyrosol (HT) and oleuropein aglycone (OLE),
and their effects on ageing symptoms with special attention to PD. In order to avoid long-lasting,
expensive, and ethically controversial experiments, the established invertebrate model organism
Caenorhabditis elegans was used to test HT and OLE treatments. Interestingly, both polyphenols were
able to increase the survival after heat stress, but only HT could prolong the lifespan in unstressed
conditions. Furthermore, in aged worms, HT and OLE caused improvements of locomotive behavior
and the attenuation of autofluorescence as a marker for ageing. In addition, by using three different
C. elegans PD models, HT and OLE were shown i) to enhance locomotion in worms suffering from
α-synuclein-expression in muscles or rotenone exposure, ii) to reduce α-synuclein accumulation in
muscles cells, and iii) to prevent neurodegeneration in α-synuclein-containing dopaminergic neurons.
Hormesis, antioxidative capacities and an activity-boost of the proteasome & phase II detoxifying
enzymes are discussed as potential underlying causes for these beneficial effects. Further biological
and medical trials are indicated to assess the full potential of HT and OLE and to uncover their mode
of action.

Keywords: C. elegans; polyphenols; olive oil; healthspan; lifespan; ageing; Parkinson’s disease

1. Introduction

Neurodegenerative diseases are becoming increasingly prevalent in the ageing populations of
industrialized nations, going hand in hand with the increase in life expectancy. These disorders, which
include Alzheimer’s disease and Parkinson’s disease, share a common feature: the accumulation of
misfolded proteins in pathological inclusions [1].
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Parkinson’s disease (PD) is a chronic, age-related and adult-onset neurodegenerative disorder
characterized by the loss of dopaminergic neurons in an area of the midbrain called substantia nigra
(SN) along with intraneuronal inclusions known as Lewy bodies, which contain amyloid aggregates of
misfolded α-synuclein [2–4]. PD is considered today as the most common movement disorder that
affects 1–2 per 1000 of the population and since the prevalence is increasing with age, PD affects 1% of
the population above 60 years [5]. There are dozens of PD-related symptoms and signs but the most
typical are motor deficits including tremors, muscle rigidity, bradykinesia, and impaired gait. Among
non-motor symptoms, the most common are olfactory dysfunction, cognitive impairment, psychiatric
symptoms, and autonomic dysfunction [6]. PD is a multifactorial disorder and the majority of PD cases
are sporadic with unknown aetiology possibly caused by an association of genetic and environmental
risk factors. At least 23 loci and 19 disease-causing genes for PD have been identified and designated
as PD-causing genes [7].

Several hypotheses have been proposed regarding the cause of loss of dopaminergic neurons in
PD, whereas oxidative stress, in particular, is strongly associated with the development of PD [8,9].
Other studies have shown defects in the mitochondrial complex-I of neurons, which lead to impaired
energy metabolism and cell death [10]. Furthermore, the proteolytic hypothesis describes nigral neuron
loss in PD as a result of toxic accumulation of aggregates of misfolded proteins, notably α-synuclein,
resulting in neuro-inflammation [11]. Dopaminergic neurons of substantia nigra pars compacta appear
particularly vulnerable to the harmful effects of α-synuclein aggregates [12]. Since ageing is a major
risk for PD, it has been hypothesized that PD could be, at least in part, a type of segmental ageing,
in which the viability of dopaminergic (DA) neurons is impaired by so far unknown localized and
accelerated ageing mechanisms [13].

Neurodegenerative disorders are associated with high morbidity and mortality, and few effective
options are available for their treatment [1]. Thus, many studies have been conducted focusing
on natural compounds present in food as important molecules against neurodegenerative diseases
such as PD [14–17]. Several lines of evidence support the beneficial effect of the Mediterranean
diet (MD) in preventing neurodegeneration, possibly due to its richness in polyphenols [18,19].
Natural polyphenols exert numerous biological activities, like antioxidant, anti-inflammatory, antiviral,
antibacterial, antiproliferative, and anticarcinogenic capacities (reviewed in Stevanovic, et al. [20]),
as well as cellular redox state modulation activities through direct action on enzymes, proteins and
receptors [21,22]. In addition, in patients affected by osteoarthritis or cardiovascular diseases, beneficial
epigenetic chromatin modifications were also caused by polyphenols [23–25].

One possible mode of action of natural polyphenols is the hormesis effect. The biological processes
underlying hormetic dose–response, recently, focused attention in the field of neuroprotection, which
was mainly elucidated through the exploitation of bioactive polyphenols against the main age-related
diseases, particularly in PD [13]. In this light, low levels of exogenous and endogenous stressors
have been reported to display hormetic characteristics that induce neurophysiological mechanisms of
maintenance and repair, including heat shock, the application of pro-oxidants, as well as the application
of polyphenols from plants [26]. Recently, it has been postulated that the MD exerts healthy effects
through hormetic mechanisms, as specific olive oil polyphenols (e.g., oleuropein and hydroxytyrosol)
likely counteract the effects of neuro-inflammatory stimuli by acting as modulators of stress responsive
mechanisms, which result in adaptive stress resistance [27]. Moreover, in vivo studies suggest that a
diet rich in phytochemicals may enhance neuroplasticity and stress resistance to neuro-inflammation,
mitigating or preventing neurodegenerative changes in the brain that are typical in a number of
age-related disorders, including PD [28–30].

It has been hypothesized that extra virgin olive oil polyphenols could be among the main
determinants of the beneficial effect of the MD [31–33]. Extra virgin olive oil (EVOO) contains
approximately 36 phenolic compounds [21], which represent the main group of antioxidants found
in virgin olive oil. The main phenolic subclasses present in olive oil are phenolic alcohols, phenolic
acids, flavonoids, lignans, and secoiridoids [34], whereas the latter represent the largest quantity in
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the EVOO. The main secoiridoids in olive oil are oleuropein aglycone and ligstroside, which undergo
transformation to hydroxytyrosol or tyrosol, respectively through two enzymes (beta glucosidase and
esterase) in the gastrointestinal tract [35].

In the present paper, we focus on health effects of hydroxytyrosol (HT; Figure 1B) and oleuropein
aglycone (OLE; Figure 1A) as neuroprotective agents against PD in the light of recent studies indicating
that OLE and HT can be beneficial against PD by stabilizing the monomeric state of α-synuclein, thus,
favouring the growth of aggregates devoid of toxicity [36,37]. Furthermore, previous studies have
shown that these molecules are strongly protective against neurodegeneration in different transgenic
models of Aβ deposition [38–40]. Moreover, we have to consider that hydroxytyrosol is a by-product
of dopamine oxidative metabolism [41] and in the last years the gold standard therapy against PD has
relied on restoring the optimum level of dopamine [42].

Figure 1. Chemical structure of (A) oleuropein aglycone and (B) hydroxytyrosol.

Tests with mammalian models are very powerful, but are expensive, long-lasting and cause
ethical concerns. Therefore, the widely used model organism Caenorhabditis elegans (C. elegans) was
applied for this study. Despite its simple structure, C. elegans features several tissues and organs in
alignment to higher animals, like muscles, a nervous system, an epidermis, a gastrointestinal tract,
and gonads [43]. Furthermore, about 50% of the human protein-coding genome has recognizable worm
orthologs [44]. Last but not least, neurological pathways are highly conserved between invertebrates
and mammals, and numerous neurodegenerative disease-related transgenic and mutant strains are
available in the nematodes [45]. In addition to several neuro-protective substance screenings [45],
numerous polyphenols were also successfully tested for their general health and lifespan benefits in
C. elegans [46–48], making this nematode an optimal model to study the neuroprotective effects of
olive polyphenols.

It was hypothesized that the polyphenol OLE and its main metabolite HT increase the mean
lifespan of C. elegans in the presence and in the absence of stress conditions. Furthermore, it is assumed
that they are able to counteract the age-related decline of general health parameters, which were
assessed by determining the swim behaviour as a measure of overall body fitness as well as the
intestinal autofluorescence, being one of the most popular ageing biomarkers [49]. Furthermore,
numerous cell culture studies were already successfully performed to verify the anti-PD effects of
olive ingredients, as summarized in Angeloni, Malaguti, Barbalace, and Hrelia [22], however, in vivo
studies are hardly present. Therefore, by using a chemically induced and two transgenic PD models
of C. elegans, the polyphenolic treatments were tested for their anti-PD effects in vivo. Although
C. elegans is not able to develop PD, the PD models feature characteristic attributes related to PD.
Besides the swim performance, neuronal degeneration as well as α-synuclein accumulation were taken
into account to assess the anti-PD potential.
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2. Results

2.1. Oleuropein Aglycone and Hydroxytyrosol Extended the Survival of Wild-type C. elegans after Heat Stress

To find the optimal concentration for this study, the treatments with polyphenols were initially
tested at different concentrations in a heat stress-resistance test. Due to the relatively fast and
simple execution, heat stress resistance is frequently measured to screen treatments for potential
health and lifespan benefits [50–52]. Since stress resistance abilities are strongly correlated to ageing,
ageing-associated diseases and lifespan [53–56], this test was also used as a pre-test in the current
study. The monitored survival after stress exposure revealed an improved stress resistance in
OLE-treated nematodes (Figure 2A). Two-hundred-and-fifty μg/mL and 500 μg/mL OLE provoked
statistically significant changes in all biological repeats performed. The mean lifespan after heat stress
increased by 15% and 22% in the OLE 250 μg/mL and OLE 500 μg/mL treated group, respectively.
However, the survival differences between OLE 250 μg/mL and OLE 500 μg/mL treated nematodes
were not significant. Furthermore, no significant survival benefits were observed with 30 and
100 μg/mL compared to control. Due to the highest percentage benefit, 500 μg/mL OLE was chosen for
subsequent experiments.

Figure 2. Heat stress survival in presence of different OLE and HT concentrations. Survival is expressed
as a percentage of the initial population combined with three biological replications. At the third
day of adulthood (day 0), wild type nematodes were exposed to heat stress at 37 ◦C for 3 h prior
monitoring survival. (A) Survival curves during OLE treatment with n (control) = 70, n (30 μg/mL) = 74,
n (100 μg/mL) = 44, n (250 μg/mL) = 68, and n (500 μg/mL) = 64; (B) Survival curves during HT
treatment with n (control) = 90, n (30 μg/mL) = 50, n (100 μg/mL) = 52, n (250 μg/mL) = 67, and n
(500 μg/mL) = 79. Statistical significance was calculated by log-rank test including Bonferroni correction.
Differences compared to control were considered significant at p < 0.05 (*) and p < 0.001 (**). n: number
of tested nematodes.

Similar results were achieved by using HT (Figure 2B). The mean lifespan after heat stress was
increased by about 11% by treatment with 100 μg/mL HT, by 22% with 250 μg/mL HT and by 14%
with 500 μg/mL HT. There was no significant difference between the survival curves of these treatment
groups among each other. Again, 30 μg/mL was not sufficient to improve the survival. Based on these
results, 250 μg/mL HT was applied for further experiments. None of the tested concentrations and
compounds exerted a harmful effect on the survival of the nematodes after stress exposure.

2.2. Hydroxytyrosol Prolonged the Lifespan of Wild Type C. elegans

Several olive polyphenols and preparations have proven to be effective in extending the lifespan
in C. elegans [57,58]. However, the olive oil polyphenols investigated in this study have not been tested
so far in this sense.

Surprisingly, OLE treatment did not result in any significant lifespan enhancement (Figure 3A):
The mean lifespan of wild type nematodes was only hardly noticeably increased by 2.7%, which
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is probably the result of a minor, not significant, increase in the median lifespan from 22.55 days
to 23.31 days (Table 1). However, the treatment with HT led to an increase of mean lifespan by
14.1% (Figure 3B). This life prolongation was not only visible in terms of mean and median lifespan,
but was also reflected in terms of minimum and maximum lifespan (the time point, when 25% or 90%,
respectively, of the individuals are dead) as well as in the time point when final death occurred (Table 1).
No obvious side effects, such as extrusion of internal organs through the vulva or morphological
alterations in movement in the polyphenols-treated groups compared to the controls were seen during
lifelong observation.

 
Figure 3. Effect of OLE and HT on lifespan in C. elegans. The survival curves of controls and
polyphenol-treated nematodes are shown. Survival is expressed as a percentage of the initial population
per day. (A) The curve represents two independent experiments (n control = 184, n OLE = 111);
(B) Representative survival curve of three independent experiments with control and HT-treated worms
(n control = 250, n HT = 286). Statistical significance was calculated by log-rank test; differences
compared to control were considered significant at p < 0.05 (*) and p < 0.001 (**). n: number of
tested nematodes.

Table 1. Lifespan characteristics during OLE and HT treatment.

Treatment n Mean Lifespan
(days)

SEM
Days until Deaths of Population Reached

25% 50% 75% 90% 100%

control (DMSO) 228 22.15 0.32 18.73 22.55 25.00 26.09 34.00
Oleuropein 159 22.75 0.37 18.89 23.31 25.17 26.10 35.00

control (water) 305 20.61 0.26 17.50 19.94 23.07 25.51 34.00
Hydroxytyrosol 335 23.51** 0.26 19.64** 23.75** 25.76** 28.36** 36.00

Differences compared to control were considered significant at p < 0.05 (*) and p < 0.001 (**). p-value determination
was realized with log-rank test for the mean lifespan and Mann–Whitney U test for specific time points.

2.3. Polyphenols Improved Age Pigment Accumulation and Locomotive Behaviour in Wild Type Nematodes

The intestinal autofluorescence, one of the most prominent ageing and health biomarker in
C. elegans [49], was surveyed to determine the overall health status. Observations with a fluorescence
microscope fitted with a red filter set allowed to detect the accumulation of the “age pigment” in
different age classes. As expected, the red fluorescent intensity increased with age (Figure 4), whereas
the increase was only weakly pronounced at the 7th day of adulthood. Both polyphenolic compounds
were able to reduce age-related gain in autofluorescence. The quantity of fluorescent pigments was
slightly, yet significantly, diminished at the 12th day, but not at the 3rd or 7th day, of adulthood
(Figure 4).
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Figure 4. Age pigment quantification after OLE and HT treatment in C. elegans. Nematodes were
observed by fluorescence microscopy in red spectrum at day 3, 7, and 12 of adulthood in two biological
repeats. The bar charts (left) show the mean red fluorescence intensity of OLE (n A3 = 34; n A7 = 38;
n A12 = 88) and DMSO (n A3 = 39; n A7 = 43; n A12 =84)-treated nematodes as well as HT (n A3 = 38;
n A7 = 45; n A12 = 94)-treated nematodes and their respective water control (n A3 = 38; n A7 =44;
n A12 = 95). Data are represented as mean ± SEM, and statistical differences compared to control were
considered significant at p < 0.05 (*). n: number of tested nematodes; A3, A7, A12: 3rd, 7th and 12th
day of adulthood. In addition, example pictures (right) representing bright field and red fluorescence
shots at the 12th day of adulthood in the control (DMSO and water) and polyphenol-treated (OLE and
HT) groups are shown (all scale bars = 200 μm).

Since ageing is marked by physical decline, sarcopenia is considered a valuable parameter of health
status in organisms of metazoans, including C. elegans [59,60]. Therefore, the ability of both polyphenols
to boost the health of nematodes was additionally assessed with a swim assay. We measured the
thrashing rate, the body wave number and the activity index to determine the physical performance
at different ages. The thrashing rate is the number of body thrashes per minute as an indicator for
the speed of movement whereas the activity index sums up the number of pixels that are covered by
the body during the time needed for two strokes as an indicator for the vigorousness of bending [61].
Furthermore, the body wave number, a feature that increases with age, determines the waviness of
the body at each time point. Indeed, the vigorousness and speed of movement of untreated worms
declined with age, as indicated by the differences in both endpoints between the 3rd and 7th or 12th
day of adulthood, respectively (Figure 5A,C). Moreover, the body wave number increased with age
(Figure 5B), in agreement with the results from Restif et al. [61], thus verifying the correct performance
of the test.
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Figure 5. Swim behaviour characteristics in wild type C. elegans treated with OLE and HT. Locomotory
performances were determined at day 3, 7, and 12 of adulthood in two independent repeats.
The determination of locomotion differences comprises three parameters: (A) the thrashing rate,
(B) the body wave number, and (C) the activity index. The number of analysed animals accounts
for: DMSO control = 67 (A3), 70 (A7) and 117 (A12); OLE = 63 (A3), 70 (A7) and 106 (A12); water
control = 76 (A3), 70 (A7) and 111 (A12); HT = 70 (A3), 70 (A7) and 104 (A12). Data are presented
as mean ± SEM and differences compared to control were considered significant at p < 0.05 (*) and
p < 0.001 (**). A3, A7, A12: day 3, 7, 12 of adulthood.

OLE treatment resulted in a remarkable increase of the number of thrashes per minute (Figure 5A)
and of the activity index (Figure 5C) displayed by worms at all three tested stages, whereas the
body wave number was decreased at the 7th and 12th day of adulthood (Figure 5B). The percentage
increase was about 23% (A3), 89% (A7) and 64% (A12) and about 49% (A3), 69% (A7) and 61% (A12)
for thrashing rate and activity index, respectively. The decrease of the body wave number reached
its maximum at the 7th day of adulthood with a reduction of 39%. Surprisingly, HT was not able
to enhance the thrashing rate of the nematodes at any adult-day (Figure 5A). However, at the 12th
day of adulthood, an increase of 43% was detected by analysing the covered pixel per body and
minute (Figure 5C). In addition, a decrease of 25% in the body wave number was found at A12 as well
(Figure 5B). No polyphenol led to a reduction of motor performance in treated worms.

2.4. C. elegans Parkinsonian Models Profit from Olive Oil Polyphenol Treatments

Exposure to the pesticide rotenone or the transgenic expression of human α-synuclein induces the
Parkinsonian-like syndrome in C. elegans, which manifests in impaired movement [62,63]. In order
to assess whether the polyphenols are able to reduce this symptom, the swimming analysis was
performed with nematodes suffering from Parkinson’s-like symptoms induced by exposure to rotenone
of wild type worms. Furthermore, transgenic Parkinson’s models expressing human α-synuclein in
muscle cells (strain OW13) and dopaminergic neurons (strain UA44), respectively, were treated with
polyphenols as well.
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Treatment with 10 μM rotenone led to dramatically decreased movement abilities. Given that
untreated nematodes exhibit more than 50 thrashes per minute at A3, the thrashing rate was reduced by
more than 80% to less than 10 thrashes per minute in rotenone-exposed C. elegans (Figure 6A). Similar
proportions could be monitored for the activity index of young control nematodes with or without
rotenone treatment (Figure 6C). Furthermore, the body wave number was more than doubled due to
exposure to rotenone compared to untreated nematodes (Figure 6B). Interestingly and in contrast to
rotenone-untreated nematodes, the locomotion abilities after exposure to rotenone did not decline after
the 3rd day of adulthood (Figure 6). OLE was able to partly inhibit the rotenone-induced movement
decline in both tested ages and all swim traits by more than doubling the measured values (Figure 6A,C)
or by reducing them by at least 42% (Figure 6B). Quite strong effects were also visible by using HT in
all tested ages and endpoints: HT increased the thrashing rate by at least 56% and the activity index by
a minimum of 116%. The body wave number was decreased by at least 23%.

Figure 6. Effect of OLE and HT on rotenone-induced locomotion deficits. The administration of 10 μM
rotenone, starting at the fourth larval stage, led to Parkinsonian-like phenotype exhibiting movement
impairments at the 3rd and 7th day of adulthood. (A) The thrashing rate, (B) the body wave number,
and (C) the activity index are shown with and without simultaneous OLE or HT administration.
The number of tested nematodes was: DMSO control = 58 (A3) and 69 (A7); OLE = 60 (A3) and 63 (A7);
water control = 62 (A3) and 46 (A7); HT = 44 (A3) and 61 (A7). A3, A7: day 3 and 7 of adulthood. Data
are pooled from two biological repeats and presented as mean ± SEM, and differences compared to
control were considered significant at p < 0.05 (*) and p < 0.001 (**). To enable direct comparisons, data
from nematodes without rotenone and polyphenol exposures (see Figure 5) are shown in addition.

To check the anti-Parkinson’s effect of olive oil polyphenols, the motor activity was also assessed
in the transgenic C. elegans OW13 and UA44 strains, both models of synucleinopathies. The presence
of α-synuclein in the body wall muscle cells (strain OW13) leads to movement deficits, as previously
described by Van Ham, et al. [64]. Indeed, the thrashing rate clearly deteriorated from about
50 thrashes/min in young untreated wild type adults to about 35 and 23 thrashes per minute,
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respectively, in young untreated OW13 worms (Figure 7A). This effect, albeit weaker, was also seen,
in part, in older nematodes as well as for the activity index (Figure 7C). The body wave number
was very stable between the 3rd and 7th day of adulthood (Figure 7B). Interestingly, control DMSO
treatment already led to a mild beneficial effect for all three swim parameters in the OW13 strain.

Figure 7. OLE and HT effects on the swim performance in the OW13 strain. (A) The thrashing rate,
(B) the body wave number, and (C) the activity index were determined at day 3 and day 7 of adulthood
with and without OLE or HT treatment. Here, the nematode strain OW13, characterized by α-synuclein
in the body wall muscle cells, was used. The number of tested nematodes was: DMSO control = 65 (A3)
and 71 (A7); OLE = 61 (A3) and 60 (A7); water control = 51 (A3) and 71 (A7); HT = 61 (A3) and 66 (A7).
A3, A7: day 3 and 7 of adulthood. Data are collected in two independent trials and are presented as
mean ± SEM. Differences compared to control were considered significant at p < 0.05 (*) and p < 0.001
(**). To enable direct comparisons, data from wild type nematodes without polyphenol exposures
(see Figure 5) are shown in addition.

Treatment with either polyphenol improved several swim performance features in this strain
over control treatments (Figure 7A–C). OLE administration provoked a 27% increase of thrashes per
minute at day 3 and a 40% increase at day 7 (Figure 7A), whereas the increase of the activity index
(27%) was detected only at day 7 (Figure 7C) and no significant change was seen in the body wave
number (Figure 7B). HT displayed its advantageous effects in both tested age groups and in all swim
parameters (Figure 7A–C), whereas HT remarkably increased the thrashing rate by 71% in A3.

Interestingly, the strain UA44, which is characterized by the presence of α-synuclein in
dopaminergic neurons, did only show a negligible decline in locomotion from day 3 to day 7
of adulthood (Figure 8). Furthermore, the difference in swim performance between young wild type
and young UA44 nematodes was hardly recognizable, a finding that agrees with data from a previous
study, showing that α-synuclein controlled by a dopaminergic promotor did not disturb the thrashing
speed [65]. Surprisingly, treatment with either polyphenol resulted only in a limited improvement in
swim behaviour of the UA44 strain. OLE treatment increased the activity index in young nematodes
(Figure 8C) but resulted only in minor and non-significant changes of the thrashing rate and body wave
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number for UA44 (Figure 8A,B). On the other hand, HT supplementation showed beneficial effects
only on the number of thrashes per minute in older worms (Figure 8A), but not on the magnitude of
movement or the waviness (Figure 8B,C).

Figure 8. Effect of OLE and HT on the swim performance in the C. elegans UA44 strain. (A) The number
of thrashes per minute, (B) the number of waves running through the body, and (C) the area covered
by the body per minute were observed in presence and absence of OLE and HT at day 3 and 7 of
adulthood in two biological repeats. The UA44 strain used in this study is characterized by α-synuclein
in dopaminergic neurons. The bar charts represent the following number of individuals: DMSO control
(n A3 = 63, n A7 = 50), OLE (n A3 = 72; n A7 = 55), water control (n A3 = 57, n A7 = 55) and HT
(n A3 = 48, n A7 = 65). n: number of tested nematodes. A3, A7: day 3, 7 of adulthood. Data are
represented as mean ± SEM and differences compared to control were considered significant at p < 0.05
(*). To enable direct comparisons, data from wild type nematodes without polyphenol exposures
(see Figure 5) are shown in addition.

To summarize, HT and OLE treatments resulted in enhanced swim performance in nematodes
suffering from rotenone exposure or α-synuclein expression in muscle cells (strain OW13). However,
the strain UA44, characterized by α-synuclein expression in dopaminergic neurons, only weakly
profited from the polyphenol treatments.

2.5. α-synuclein Induced Damages and α-synuclein Accumulation was Targeted by Olive Oil Polyphenols
In Vivo

The advantage of the C. elegans OW13 strain is the yellow fluorescent labelling of synthesized
α-synuclein driven by the muscle specific unc-54-promoter. Therefore, the potential polyphenolic
inhibition of the pathological α-synuclein accumulation in muscles can be observed via fluorescence
microscopy. Treatment of this model with either polyphenol resulted in a progressive reduction of
α-synuclein accumulation in the body wall muscle cells compared to the control groups: The reduction
of α-synuclein accumulation was about 5% at day 3 and 8% at day 7 and 12 of adulthood in OLE-treated
groups (Figure 9). Even more pronounced effects were monitored by using HT, with a reduction of
α-synuclein accumulation by 6% at day 3, 7% at day 7, and 14% at day 12 of adulthood. Overall,
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the fluorescence intensity declined with age, a finding in line with the ageing-dependent decline of
unc-54 expression observed by Adamla and Ignatova [66].

Figure 9. Changed α-synuclein accumulation in muscle cells of the OW13 strain after OLE and HT
treatment. Nematodes from the OW13 strain were subjected to polyphenolic treatments starting from
L4 and analysed by fluorescence microscopy using a yellow filter at day 3, 7, and 12 of adulthood.
The bars represent the mean fluorescent intensity ± SEM from two biological repeats and the number
of tested nematodes were: DMSO control (n A3 = 32, n A7 = 48, n A12 = 38), OLE (n A3 = 28; n A7 = 43,
n A12 = 30), water control (n A3 = 47, n A7 = 75, n A12 = 66) and HT (n A3 = 35, n A7 = 39, n A12 = 44).
A3, A7, A12: day 3, 7, 12 of adulthood. Differences compared to control were considered significant at
p < 0.05 (*) and p < 0.001 (**). In addition, three example pictures from untreated OW13 nematodes
visualising the age-dependent fluorescent change are shown (all scale bars = 200 μm).

In addition to the OW13 strain, the UA44 transgenic animals were also monitored under fluorescent
conditions. The α-synuclein accumulation in dopaminergic neurons causes neurodegeneration in the
UA44 transgenic strain [63]. Moreover, GFP linked to the dopamine transporter in dopaminergic nerve
cells allows to visualize the quantity and quality of the six anterior and two posterior dopaminergic
neurons after α-synuclein-induced damage [67].

Counting and description of each dopaminergic neuron was performed as proposed by
Harrington, et al. [68]. We counted six anterior dopaminergic neurons (four CEP neurons and two
ADE neurons) and two posterior DA neurons (PDE neurons) [69]. Every type of alteration, such as
the loss of uniformity of the neuronal body and the reduction of the fluorescence up to neuronal
shutdown, were noted in order to classify the neurons as degenerated (as shown in Figure 10B) or
intact (Figure 10C). The fraction of worms with damaged dopaminergic neurons was growing with
age (Figure 10A), however, HT was able to minimize neuronal damages especially in older nematodes
(Figure 10A). A smaller and non-significant neuroprotective effect on dopaminergic neurons was also
obtained with OLE treatment (Figure 10A).
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Figure 10. The impact of OLE and HT on dopaminergic neurodegeneration caused by α-synuclein in
the C. elegans UA44 strain. (A) Shown are the percentages of nematodes with degenerated dopaminergic
anterior neurons with and without polyphenolic treatment. The determination of the type and frequency
of aberrations of dopaminergic neuronal viability was performed at day 3, 7, and 12 of adulthood.
The number of tested nematodes in three biological repeats was: DMSO control = 43 (A3), 31 (A7) and
45 (A12); OLE = 38 (A3), 47 (A7) and 39 (A12); water control = 41 (A3), 44 (A7) and 71 (A12); HT = 39
(A3), 44 (A7) and 54 (A12). A3, A7, A12: day 3, 7, 12 of adulthood. Data were analysed using chi-square
test with *p < 0.05 and **p < 0.001. In addition, an example of α-synuclein-induced degeneration in
the anterior DA neurons of the C. elegans UA44 strain, expressing both Pdat-1::GFP + Pdat-1::α-syn is
shown (B,C). The DA neurons are sub-classified as four CEP neurons, which are superimposed in most
pictures, and two ADE neurons. (B) Degeneration of CEP and ADE; (C) intact DA neurons.

3. Discussion

3.1. HT and OLE Boost the Health, but not Necessarily the Lifespan, of Wild Type C. elegans

Lifespan analyses in C. elegans treated with plant polyphenols and other natural compounds
were often reported with positive outcome (reviewed in Collins, et al. [70] and Pallauf, et al. [71]).
The mechanisms behind this beneficial action are discussed in different directions, ranging from
antioxidant, pro-oxidant, hormetic, direct pathway targeting, or caloric restriction mimetic effects, to
recall only a few [72–76]. In the present study, HT was shown to improve the lifespan of C. elegans as
well as the accumulation of age-pigment and swim behaviour in old worms. Thus, health and lifespan
were targeted in parallel as expected. Interestingly, OLE also exerted very good performances regarding
the impact on locomotion, stress resistance and age-pigment accumulation, yet in the absence of a
life extending effect. However, since longer life does not automatically indicate healthier life [77,78],
the suggestion that vice versa improved health is not a guarantee for a longer life, is not unreasonable.
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Healthspan is hard to define and a lot of parameters need to be considered, but, simplifying,
it can be described as the period of life in which the individual is functionally independent and free
from serious diseases [79,80]. Uncoupling of the correlation between lifespan and healthspan was
discussed in detail for daf-2 C. elegans knockout mutants, in which the lifespan-extending inhibition of
insulin signalling did [60,81] or did not [78] increase healthspan in parallel. However, this discussion
is not restricted to worms, but also takes place for flies, mice and humans [77,82,83]. Thus, it remains
unclear how and to what extent healthspan and lifespan correlate. Furthermore, the different outcomes
in the labs as exemplified by daf-2 underline that healthspan-related features should be tested in a
standardized way; not only to maintain comparability between results from different labs, but also to
fully characterize the potential relationship between lifespan and healthspan in an objective manner.

Nevertheless, here the question arises, why OLE only affected healthspan but not lifespan?
The stability of OLE in aqueous and ethanol solutions was shown to be better than other
polyphenols [84,85] and during UV-induced degradation, the life-extending hydroxytyrosol is one
of the main end products of its metabolism. Thus, an elevated level of OLE degradation during
long-lasting lifespan analysis is not a sufficient explanation, also because such an effect should be
much stronger for other, less stable polyphenols like quercetin (reviewed in Wang, et al. [86]), which
it is not [87,88]. Another explanation is provided by the mode of action of the green tea ingredient
epigallocatechin 3-gallate (EGCG). Brown et al. [89] and Zhang et al. [90] reported that, in spite of
several health benefits in EGCG-treated worms, including prolonged survival under stress, no survival
advantages were monitored during standard culture conditions. The antioxidant capacity of EGCG
was emphasized as the main biochemical mechanisms responsible for the improvement of diverse
health attributes. Due to the known strong antioxidant characteristics of OLE [91], this could also be
true for OLE; accordingly, the missing lifespan prolongation by EGCG and OLE is not unexpected
considering that Pun et al. [92] observed that antioxidant actions do not lead to longevity in C. elegans.
Based on this consideration, the action of HT needs to be reconsidered. It must be concluded that the
lifespan extension by HT is probably independent of its antioxidant power.

Finally, it needs to be mentioned that all tests were performed in the presence of
5-fluoro-2-deoxyuridine (FUdR). Since FUdR was shown to have (mainly positive) influences on
the stress resistance and lifespan in C. elegans [93–95], it cannot be excluded that this could lead to
false-negative results. This could be an alternative explanation for the missing life-prolonging effects
in the OLE-treated group.

3.2. Anti-Parkinson’s Syndrome Effects: Evidence from Three Different PD Models of C. elegans

Cooper, et al. [96] described that decelerating ageing may provide a possible treatment for PD.
The beneficial effects of OLE and HT on the age-related intestinal autofluorescence and on the locomotion
in old worms are strong indicators that the ageing process itself is reduced by these polyphenols. Thus,
the anti-PD action of OLE and HT was not entirely surprising. Indeed, both polyphenols showed
strong and convincing anti-PD activity. However, which is the underlying mechanism?

DA neurons are suffering from oxidative stress in the rotenone PD model because this pesticide
generates reactive oxygen species [62]. Therefore, the neuroprotective role of the analysed polyphenols
in the C. elegans rotenone model, characterized by defects in swimming behaviour, may be related to
their antioxidant activity. Indeed, the treatment and prevention of PD with antioxidants was discussed
and tested repeatedly [14,97,98], but the results were sobering, suggesting that antioxidant treatments
might not be the key to combat PD [99].

The protective properties of plant polyphenols on DA neurons could also be associated not only
with the structure of HT, also a product of dopamine metabolism, but also to its ability to induce
phase II detoxifying enzymes. These include NADPH quinone oxidoreductase-1, heme oxygenase-1,
glutathione S-transferase, and the modifier subunit of glutamate cysteine ligase which catalyses the
first step in the synthesis of GSH [22]. Indeed, a Drosophila PD model was used to show that boosted
phase II enzyme activity reduces α-synuclein-mediated neuronal loss [100].
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Interestingly, both polyphenols reduced, age-dependently, the build-up of human α-synuclein
in the body wall muscle cells of a transgenic C. elegans model (strain OW13) and improved swim
performance. However, it is not clear whether the polyphenols are able to eliminate accumulated
α-synuclein or prevent its accumulation and which mechanistic process is responsible for their action.
One further idea regarding their mode of action is delivered by Angeloni et al. [22] who showed that
polyphenols are able to modulate the proteostatic machinery, both at the proteasome complex and
at the autophagic flux. More specifically, one study evaluated the effect of OLE on the proteasome
complex of human embryonic fibroblasts, showing an improvement of the proteasome activity [101].
Since the impairment of the ubiquitin-proteasome complex is deeply involved in the pathogenesis of
neurodegenerative diseases [102], the induction of proteasome activity might be a possible reason for
the anti-PD effects of polyphenols. Other studies with OLE and HT reported a remarkable activation
of the autophagic flux in a murine model of Aβ deposition, with a significant reduction of plaque
load following activation of microglia [38,39]. These data also support the anti-PD activity of these
polyphenols following reduction of α-synuclein aggregates in the affected brain areas.

To validate the neuroprotective action of polyphenols on dopaminergic neurons, experiments
were performed also in another C. elegans model of PD, the strain UA44, where α-synuclein induces
qualitative and quantitative damages of the six anterior and two posterior dopaminergic neurons. Our
data showed that HT was able to minimize neuronal damage especially in older nematodes.

As reported above, HT is also endogenous to the brain as a catabolite of neurotransmitter
breakdown. The neurotoxic action by dopamine and its intermediate metabolites is described as
an autotoxic mechanism that contributes to the selective loss of dopaminergic neurons in PD [3].
HT, also known as DOPET (3,4-dihydroxyphenylethanol), is produced from dopamine by dopamine
oxidative metabolism [103] in order to reduce the levels of the neurotoxic intermediate product
3,4-dihydroxyphenyl-acetaldehyde (DOPAL) in dopaminergic neurons [104]. Whether this metabolic
pathway is connected to the observed beneficial action of exogenous HT remains an open question.
A smaller and non-significant neuroprotective effect on dopaminergic neurons also resulted from OLE
treatment. In future studies, the question needs to be answered, whether the longevity effect and the
beneficial effects in the UA44 strain following HT treatment are based on the same mechanisms, which
are not present or weaker in OLE-treated worms.

Tyrosol differs from HT only by one hydroxyl group; it was also shown to be a potent health-
and lifespan-boosting substance in C. elegans [58]. However, in contrast to HT, tyrosol could not exert
any preventive effects in kidney cells subjected to oxidative stress [105]. The beneficial action of HT
compared to that of tyrosol could be explained by the higher scavenging and antioxidant activity of
HT due to the additional hydroxyl group [106]. Nevertheless, this increased antioxidant power seems
not to be the only mode of action as suggested by the convincing antioxidant-study in C. elegans from
Pun et al. [92], by additional studies, questioning the power of antioxidants, reviewed in [107] as well
as by the mitohormesis concept, which underlines the importance of ROS [108,109].

Another possible background mechanism for the observed effects could be hormesis, already
considered in the case of the effect of tyrosol in C. elegans [58]. Several studies indicate that
different stressors extend lifespan in C. elegans in a hormetic-like manner [110–112] and suggest
that hormetic effects could be exploited to prevent the onset of various diseases [13,113,114], including
neurodegenerative disorders, and to slow down the ageing process [115,116].

In addition, a recent study demonstrated that hormetic dietary phytochemicals might improve
health and extend lifespan through mild elevation of ROS, which activate a number of stress adaptive
genes in C. elegans via HSF-1 and SKN-1/Nrf2 signalling pathways [117]. Govindan and colleagues
also note that the hormetic stress by phytochemicals suppresses the late age onset of misfolding and
aggregation of proteins such as α-synuclein in PD. The close link between stress and ageing suggests
that interventions harnessing the hormetic mechanisms may extend lifespan or delay age-associated
functional decline. Taken together, these data indicate that low concentrations of natural polyphenols
such as OLE and HT generate a moderate functional stress that extends healthspan in wild type
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and experimental models of PD. This is consistent with the idea that “neurohormesis” may have
anti-ageing effects thanks to the induction of adaptive pathways triggered to cope with a mild neuronal
stress, opening novel potential therapeutic strategies for clinical interventions against the onset and/or
progression of PD in humans.

4. Materials and Methods

4.1. C. elegans Strains and Culture Conditions

The wild type C. elegans strain N2 (Var. Bristol), the transgenic C. elegans strain OW13 (grk-1(ok1239),
pkIs2386 [unc-54p::α-synuclein::YFP + unc-119(+)]), as well as the E. coli OP50 feeding strain were
obtained from the Caenorhabditis Genetics Centre, University of Minnesota (Minneapolis, MN, USA).
The C. elegans strain UA44 (baIn11[Pdat-1::α-synuclein, Pdat-1::GFP]) was kindly provided by the
Caldwell laboratory, University of Alabama (Tuscaloosa, AL, USA) [118]. C. elegans wild type and
transgenic strains were grown on standard nematode growth medium (NGM) at 22 ◦C, seeded with
E. coli OP50 and maintained following standard protocols as described previously [119]. Prior to
all tests, synchronous L1 larvae were obtained via “egg prep” by strongly shaking at least 2000
young adults for about 4 min in 10 mL bleaching solution (0.5 mL NaOH (10 M), 2.5 mL sodium
hypochlorite-solution (12%), and 7 mL bidest water). After washing with M9 buffer at least three
times, the resulting egg pellet was slightly shaken overnight in 4 mL M9 buffer. The following day,
the hatched L1 larvae were distributed to NGM plates seeded with OP50. Forty-eight hours later, L4
larvae were transferred to treatment plates as described below. 5-fluoro-2-deoxyuridine (FUdR; Tokyo
Chemical Industry, Eschborn, Germany) was used to inhibit fertilization [120] and was dropped onto
each plate with a final concentration of 100 μM (according to agar volume).

4.2. Polyphenol and Rotenone Treatment

The treatment plates were prepared with the polyphenols oleuropein aglycone (Extrasynthese)
and hydroxytyrosol (Sigma-Aldrich, St. Louis, MO, USA). Glycated oleuropein was de-glycosylated
by treatment with almond β-glucosidase (EC 3.2.1.21, Fluka, Sigma Aldrich, St. Louis, MO, USA) as
previously described [121], with minor modifications. Briefly, 10 mM oleuropein in 0.1 M phosphate
buffer (pH 7.0) was incubated overnight with β-glucosidase (8.9 I.U.) at RT. Then, the reaction mixture
was centrifuged, the precipitate re-suspended in 50% (v/v) dimethyl sulfoxide (DMSO) and the solution
kept frozen. Complete deglycosylation was assessed by assaying the released glucose. HT powder
was dissolved in bidest water at 60 mg/mL and the solution stored at −20 ◦C. OLE and HT were added
to the bacteria and agar at a final concentration of 30 μg/mL, 100 μg/mL, 250 μg/mL, or 500 μg/mL,
respectively. A final concentration of 0.05% DMSO (for OLE assays) or equal amounts of bidest water
(for HT assays) were applied in all treatment and control plates as well as feeding bacteria.

To trigger the Parkinsonian-related phenotype, wild type nematodes were treated with rotenone
(Sigma-Aldrich, St. Louis, MO, USA). A stock solution of 0.5 mg/mL rotenone was prepared in DMSO
and added with a final concentration of 10 μM to the control and polyphenol plates. After distribution
with a spatula and drying for 24 h in the dark, OP50, including 10 μM rotenone and the respective
polyphenol, was spread on the plates. L4 nematodes were transferred to the rotenone plates until they
were used for bioassays.

4.3. Lifespan and Heat Stress Assay

Synchronized wild-type nematodes were observed and scored for their survival throughout their
lifespan. The animals were counted daily from the first day of adulthood until all died. To assess the
viability of the nematodes, they were first gently touched with a platinum wire at the tail and the
head. If no movements were recognizable, the pharyngeal pumping was observed. The worms were
considered dead when none of these movements were recognizable. The nematodes at the edge of the
plate or in the depth of the agar were considered lost and excluded from the count.
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The heat stress test was performed according to the lifespan protocol with the difference that
nematodes at the third day of adulthood were stressed for 3 h at 37 ◦C and counting of dead and alive
worms started 1 day after stress exposure.

4.4. Fluorescence Microscopy Analysis

For the fluorescence observation, the nematodes were placed on a 2% agar pad on a microscope
slide and anesthetized with 4 μL NaN3 (1M). The images were taken with the aid of the Axioskop
fluorescence microscope (Carl Zeiss, Oberkochen, Germany) and filter set 13 from the Zeiss 4880 series
(Carl Zeiss, Oberkochen, Germany). Nematodes with a ruptured vulva phenotype were excluded from
analysis. The images were captured and analysed on the 3rd, 7th or 12th day of adulthood, respectively.

Wild type nematodes were analysed to determine and quantify ageing-related pigment
accumulation. The images were captured at 100x magnification and a red filterset (TRITC, 545/30 nm
ex, 610/70 nm em) was used. It was necessary to acquire additional images in a bright field, because of
the poor visibility of the body contour in the dark field. The images in the bright field were used to
delineate the perimeter of the worm to which the dark field image was overlayed by the CellProfiler
Software (Version 3.1.9; Broad Institute, Cambridge, MA, USA) [122,123]. The quantification of
age-related pigment accumulation was expressed by the mean intensity of the red fluorescence per
total worm body.

The OW13 transgenic strain features yellow fluorescent protein linked to α-synuclein in the
body wall muscle cells. Therefore, the nematodes were monitored using a yellow barrier filter with
100x magnification to quantify the light emission proportional to the amount of accumulation of the
pathological protein. The images were processed using the CellProfiler software, and the yellow
fluorescence intensity emitted per total worm body was calculated.

The UA44 transgenic strain features GFP linked to the dopamine transporter in the six dopaminergic
neurons of the head and two in the tail as well as harmful α-synuclein in dopaminergic neurons.
The green fluorescence intensity represents the vitality of the neurons, therefore, the green barrier filter
was used for the analysis. The number of detectable anterior neurons was counted at the microscope
with 200x magnification. In addition, individual images of the head were captured. The nematodes
were assayed for patterns of degeneration at indicated time points, as described previously from
Harrington, et al. [68].

4.5. Swim Behaviour Assay

The study of locomotion was realized with a swim assay according to Restif et al. [61] and
Ibáñez–Ventoso et al. [124]. Wells with a depth of 0.5 mm and Ø 10 mm were created with two
self-adhesive marking films for microscope slides and filled with M9 buffer. Five to 10 nematodes were
transferred per well and covered by a cover slip to facilitate visualization and recorded with a connected
camera. Nematodes with a ruptured vulva phenotype were excluded from analysis. The analysis was
conducted with wild type nematodes at the 3rd, 7th, and 12th day of adulthood. Furthermore, wild
type rotenone-treated worms and the strains OW13 and UA44 were analysed at the 3rd and 7th day of
adulthood. Each video was converted into single frames and processed with Photoshop (version 19.1.7;
Adobe Inc., San José, CA, USA) to meet the required settings. Thereafter, pictures were analysed with
the CeleST software (version 3.1; distributed by GitHub Pages, https://github.com/DCS-LCSR/CeleST,
accessed on 08 April 2020) as described by Restif et al. [61] and Ibáñez–Ventoso, et al. [124]. The thrashing
rate, the body wave number and the activity index were evaluated as representative parameters of
motor activity.

4.6. Statistical Analysis

All experiments were independently conducted at least two times. The Online Application for
Survival Analysis (OASIS 2; https://sbi.postech.ac.kr/oasis2/, accessed on 8 April 2020) [125] was used
for comparing survival differences between two conditions. Fluorescence intensities as well as swim
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behaviour parameters were calculated as mean ± SEM, and statistical significance was calculated by a
two-tailed t-test using GraphPad (https://www.graphpad.com/quickcalcs/, accessed on 8 April 2020).
Chi-square test was used to compare the number of worms with intact and degenerated neurons in the
UA44 strain.

5. Conclusions

Due to their different actions in terms of lifespan during non-stressful conditions, disparate modes
of actions could be the underlying cause of the beneficial characteristics of the olive polyphenols OLE
and HT. Accordingly, possible additive or even synergistic effects by combining both polyphenols
should be studied in the future. Intense research in the last decade has provided increasing knowledge
of the biochemical and cell biology basis of the beneficial effects of plant, notably olive polyphenols.
Such growing information indicates that these polyphenols have the potential as promising tools to be
used to develop new therapeutic and preventive approaches against ageing and ageing-associated
neurodegenerative diseases. However, even though C. elegans and mammalian models are frequently
used to test possible human treatments, human clinical trials are still needed to verify this assumption.
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Abstract: Probiotics exert beneficial effects on host health through different mechanisms of action, such
as production of antimicrobial substances, competition with pathogens, enhancement of host mucosal
barrier integrity and immunomodulation. In the context of ageing, which is characterized by several
physiological alterations leading to a low grade inflammatory status called inflammageing, evidences
suggest a potential prolongevity role of probiotics. Unraveling the mechanisms underlying anti-ageing
effects requires the use of simple model systems. To this respect, the nematode Caenorhabditis elegans
represents a suitable model organism for the study of both host-microbe interactions and for ageing
studies, because of conserved signaling pathways and host defense mechanisms involved in the
regulation of its lifespan. Therefore, this review analyses the impact of probiotics on C. elegans
age-related parameters, with particular emphasis on oxidative stress, immunity, in flammation and
protection from pathogen infections. The picture emerging from our analysis highlights that several
probiotic strains are able to exert anti-ageing effects in nematodes by acting on common molecular
pathways, such as insulin/insulin-like growth factor-1 (IIS) and p38 mitogen-activated protein kinase
(p38 MAPK). In this perspective, C. elegans appears to be advantageous for shedding light on key
mechanisms involved in host prolongevity in response to probiotics supplementation.

Keywords: ageing; nematode; immunosenescence; oxidative stress; lifespan; probiotic bacteria;
pathogen protection

1. Caenorhabditis Elegans as a Model System to Study Prolongevity

Caenorhabditis elegans is a small nematode widely used as a model system for different biological
studies because of its many advantages. It is characterized by transparency, a short life cycle, ease
of cultivation, and availability of large sets of mutants [1]. Worms can be grown cheaply and
in large numbers on agar plates and they are normally fed bacteria, although they can be also
fed yeasts. In addition, even if C. elegans is considered a simple organism, many of the molecular
cascades controlling its development are also found in more complex organisms, like humans [2,3].
Nematode lifespan is a parameter that can be influenced by genetic and environmental factors, in cluding
nutritional stimuli. The genes involved in lifetime regulation are associated with different molecular
pathways, evolutionarily conserved, that modulate ageing processes [4], such as insulin/insulin-like
growth factor-1 (IIS) [5] and p38 mitogen-activated protein kinase (p38 MAPK) pathways [6]. For these
reasons C. elegans represents a suitable model organism for ageing studies and for evaluating the impact
of nutritional stimuli on prolongevity. Indeed, different bacterial feedings can play an important role in

Int. J. Mol. Sci. 2019, 20, 5020; doi:10.3390/ijms20205020 www.mdpi.com/journal/ijms71



Int. J. Mol. Sci. 2019, 20, 5020

the regulation of nematode lifespan by inducing specific host responses [7]. In particular, while some
pathogens shorten worm viability, several probiotic strains show beneficial effects, prolonging lifespan
and leading to a delay in ageing [8,9]. It has been widely reported that these effects correlate to the host
defense responses and stress resistance of C. elegans [10]. Indeed, ageing is characterized by progressive
damage of the stress response and cellular machine. In nematodes different ageing biomarkers could
be studied to evaluate the effects of a diet. Indeed, pharyngeal pumping rate, locomotion ability, body
size and intestinal lipofuscin autofluorescent granules are the most examined markers, thanks to the
ease of analysis [11,12] (Figure 1). C. elegans is therefore considered as one of the best model systems
used to study longevity and to screen bacteria showing probiotic properties and anti-ageing effects [13].

Figure 1. Micrograph representing the model organism Caenorhabditis elegans (the head is on the left;
the tail is on the right). The principal biomarkers and physiological traits associated with ageing are
described in the squares. Magnification: 5×.

2. Probiotics: Characteristics and Relevance to Ageing

Probiotics are commonly defined as “live microorganisms that, when administered in adequate
amounts, confer a health benefit to the host” [14]. The majority of species known to have probiotic
properties belong to the genera Lactobacillus and Bifidobacterium, commonly found in the gastrointestinal
tract of humans and animals and thus generally regarded as safe. However, also members of other
bacterial genera can have documented health benefits, such as Bacillus, Enterococcus as well as
the yeast Saccharomyces. It is widely recognized that the health benefits of probiotics are strictly
strain-specific, consequently distinct strains belonging to the same species can have different effects.
For this reason, accurate characterization of novel potentially probiotic strains is very important.
Amongst various possible mechanisms of action, probiotics are believed to exert their effects by
production of antimicrobial substances, competition with pathogens for adhesion sites and nutrients,
enhancement of host mucosal barrier integrity and immune modulation [15,16]. Thus, the beneficial
activities of probiotics are attributable to three main core benefits: supporting a healthy gut microbiota,
a healthy digestive tract and a healthy immune system [17].

In the context of ageing, several physiological changes affecting the immune and digestive
systems as well as gut microbiota composition lead to a physiological low-grade inflammatory status
called, “inflammageing” [18,19], which can be potentially counteracted by probiotic interventions [20].
Indeed, perturbations of gut microbiota composition and immune function associated with ageing can
favor the growth of pathogens and increase the susceptibility to gut-related diseases [21], affecting
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members of the health-promoting bacteria resident in the gut. In particular, a reduction of numbers and
species of bifidobacteria has been reported in older persons [22,23]. At this stage of life, probiotics exert
several beneficial effects for the host by protecting against pathogenic bacteria and viruses, enhancing
immune function, counteracting intestinal inflammatory diseases, and improving metabolic functions
and the lipid profile [24,25].

One of the major issues related to the study of probiotics is the need of appropriate, simplified
in vivo models representing useful and less expensive screening tools to identify probiotic strains from
a large number of microbial candidates. To this respect, the nematode Caenorhabditis elegans is becoming
an increasingly valuable in vivo model to study host-probiotic interactions to enhance lifespan [26].

3. Review Methodology

We conducted a literature search on PubMed by using the following keywords:
(1) Caenorhabditis elegans and probiotics; (2) Caenorhabditis elegans and lactobacilli;
(3) Caenorhabditis elegans and bifidobacteria; and (4) Caenorhabditis elegans and lactic acid bacteria.
Publication dates were restricted to the last ten years. The first search retrieved 46 results. The other
searches produced a majority of overlapping results with the first one and some additional results,
in particular: the second search retrieved six more results; the third one two more results and the
fourth one three more results. Following this initial search, eight articles were excluded, on the
basis of their low adherence to the description of probiotic activities in C. elegans, which was
the main focus of our search. Thus, finally 49 articles were carefully evaluated for the review
preparation. Table 1 shows a list of the microorganism strains described in the selected literature to
exert a probiotic activity in C. elegans. The majority of the tested species belonged to the Lactobacillus
genus, with 16 different species and 35 strains, followed by the Bifidobacterium genus, with 4 species
and 6 strains. Then we found 2 Pediococcus, 2 Weissella and 2 Enterococcus species, and finally Bacillus,
Butyricicoccus, Megasphaera, Clostridium, Propionibacterium, Escherichia and Kluyveromyces, with one
species each. Of note, only Kluyveromyces marxianus belongs to the Ascomycota phylum within the
yeast kingdom.

Among the collected papers, those taking into account the effect of probiotic supplementation
on nematode lifespan were further selected and analyzed to evaluate important parameters related
to ageing, such as oxidative stress, immune system and susceptibility to pathogen infection, which
are known to be involved in immunosenescence. This condition refers to the gradual deterioration
of the immune system brought on by age progression. It involves both the host capacity to respond
to infections and the development of long-term immunological memory. Immunosenescence can be
considered as a crucial contributory factor to the increased occurrence of morbidity and mortality
among the elderly. This age-related immune deficiency is ubiquitous and found in both long- and
short-living species, and it is characterized by a particular “remodeling” of the immune system,
in duced by oxidative stress [27]. Together with inflammageing, immunosenescence is suggested to
stand at the origin of the majority of elderly-related alterations, such as infections, cancer, autoimmune
disorders, and chronic inflammatory diseases [28]. The present review focuses on the role of probiotics
on C. elegans age-related parameters, with particular emphasis on oxidative stress, immunity and
inflammation, and protection from pathogen infections.
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Table 1. List of microbial strains reported in the selected literature to exert a probiotic activity in
C. elegans.

Genus Species Strain(s)
Nematode Signaling

Pathway(s) Influenced
References

Lactobacillus

acidophilus NCFM p38 MAPK
beta-catenin

[29]

brevis SDL1411 unknown [30]

casei CL11
LAB9

unknown
p38 MAPK

[31]
[32,33]

coryniformis H307.6 unknown [34]

delbrueckii bulgaricus ATCC11842;
lactis LMG6401; lactis 23

unknown [35]

fermentum MBC2
JDFM216
LA12
LF21

unknown
p38 MAPK
unknown

IIS

[36]
[37]
[38]
[39]

gasseri SBT2055 p38 MAPK [9]

helveticus NBRC15019 unknown [40]

murinus CR147 unknown [41]

paracasei 28.4 unknown [42]

plantarum CAU1054; CAU1055;
CAU1064; CAU1106
JDFM60; JDFM440;
JDFM970; JDFM1000
CJLP133
K90
NBRC15891

unknown

unknown

IIS
unknown
unknown

[43]
[44]

[38,39]
[45]
[40]

pentosus D303.36 unknown [34]

reuteri CL9
S64
DSM 20016

unknown
unknown
unknown

[46]
[31]
[47]

rhamnosus R4
CNCM I-3690
NBRC14710

unknown
IIS

unknown

[48]
[49]
[40]

salivarius FDB89
DSM 20555

unknown
unknown

[50]
[47]

zeae LB1 p38 MAPK
IIS

[51,52]

Bifidobacterium

animalis subsp. lactis CECT8145 IIS [53]

breve UCC2003 unknown [54]

Infantis 1 ATCC15697 p38 MAPK
IIS

[40,55–57]

longum ATCC15707
BB68
BR-108

unknown
JNK
IIS

[29,40]
[58]
[59]

Bacillus licheniformis 141 unknown [60]

Butyricicoccus pullicaecorum KCTC 15070 TGF-beta [61]

Clostridium butyricum MIYAIRI 588 (CBM 588) IIS [62]

Enterococcus
faecalis MMH594

Symbioflor®

p38 MAPK
beta-catenin

unknown

[63]

[64]

faecium L11

E007

TGF-beta
p38 MAPK
p38 MAPK
beta-catenin

[65]

[63]

Escherichia coli Nissle 1917 unknown [66]
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Table 1. Cont.

Genus Species Strain(s)
Nematode Signaling

Pathway(s) Influenced
References

Megasphaera elsdenii KCTC 5187 TGF-beta [61]

Pediococcus
acidilactici DSM 20284

DM-9
unknown
unknown

[47]
[30]

pentosaceus SDL1409 unknown [30]

Propionibacterium freudenreichii KCTC 1063 p38 MAPK [67]

Weissella
cibaria KACC11845 JNK

AMPK
[68]

koreensis KACC11853 JNK
AMPK

Kluyveromyces marxianus CIDCA 8154 p38 MAPK [69]
1 The current adscription is Bifidobacterium longum subsp. infantis [70].

4. Mechanisms Involved in C. elegans Lifespan Extension Induced by Probiotics

4.1. Description of the Main Pathways

The principal pathways involved in lifespan control, oxidative stress, regulation of immune
response and defense against pathogen infection in C. elegans include the IIS pathway and p38
MAPK pathway [71]. Each pathway is composed of a cascade of signaling molecules that
finally activate/regulate the transcription of specific target genes. In particular, the IIS pathway
is initiated by the activation of dauer formation (DAF)-2, an insulin/insulin-like growth factor-1
receptor ortholog, subsequently triggering a cascade of phosphorylation events that activate
specific kinases and downstream mediators. These include phosphatidylinositol 3-kinase AGE-1,
phosphoinositide-dependent kinase (PDK)-1, and various serine/threonine protein kinases (AKT-1,
AKT-2, and SGK-1), culminating in phosphorylation of DAF-16, a protein belonging to class O
of the forkhead transcription factors (FOXO), resulting in its inactivation [72]. On the contrary,
in the presence of heat stress, anoxia, oxidative stress, starvation, and infections, the IIS pathway
is down-regulated and DAF-16 migrates to the nucleus, where it switches on the expression of
specific target genes, that contribute to several cellular processes, from apoptosis to stress resistance,
prolongevity and anti-ageing [58,73]. The nuclear translocation of DAF-16 leads to both up-regulation
and down-regulation of large sets of genes, referred to as class I and II, respectively [5]. The IIS
signaling pathway transcriptionally regulates many genes involved also in the immune responses,
closely linked to longevity in C. elegans.

The p38 MAPK pathway is the most ancient signal transduction cascade in nematode immunity
and plays a central role in C. elegans response against different pathogens, as it does in mammals. The p38
MAPK pathway is required for the activation of a set of immune effectors necessary to maintain a basal
level of immune function and it is also involved in lifespan extension [67,74]. A neuronal symmetry
(NSY)-1–SAPK/ERK kinase (SEK-1)–p38 mitogen-activated protein kinase ortholog (PMK)-1 p38 MAPK
cascade (MAPKKK-MAPKK-MAPK, respectively) was elegantly identified as a key component of the
C. elegans immune response [6].

Such signaling pathways are evolutionarily conserved in different animal species, from nematodes
and flies to higher vertebrates and mammals. Evidence suggests that these pathways are relevant
also to mammalian aging [75]. In particular, human studies conducted on centenarians highlighted
an important role of the IIS pathway in setting lifespan, since associations have been found between
polymorphisms in IIS genes and longevity [76].

Probiotic strains used in C. elegans studies have been shown to act through one or more of the
above mentioned signaling pathways (Figure 2 and Table 1).
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Figure 2. Schematic representation of the most common signaling pathways influenced by probiotic
strains employed in C. elegans studies. Each pathway is represented by a distinct color gradient. The list
of single bacterial strains influencing the different pathways is reported in Table 1. Abbreviations
used: AMPK: 5′ AMP-activated protein kinase; AKT-1/2: serine/threonine protein kinase orthologs;
BAR-1: beta-catenin/armadillo Related-1; DAF: dauer formation; DBL-1: DPP/BMP-Like-1; HSF-1:
heat-shock transcription factor-1; IIS: insulin/insulin-like growth factor-1; JKK-1: c-Jun N-terminal
kinase kinase; JNK-1: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; NSY-1:
neuronal symmetry-1; PDK-1: phosphoinositide-dependent kinase 1; PMK-1: p38 mitogen-activated
protein kinase-1 ortholog; RACK-1: receptor activated protein C kinase; SEK-1: SAPK/ERK kinase-1;
SGK-1: serine/threonine protein kinase ortholog; SKN-1: skinhead family member-1; SMA: small;
TIR-1: toll interleukin-1 receptor-1.

4.2. Oxidative Stress Response

Oxidative stress plays a detrimental role in different organisms. Normally, antioxidant defenses
protect cells by removing reactive oxygen species (ROS). During ageing, on the other hand, ROS and
other products of oxygen metabolism accumulate damaging proteins, lipids and DNA, and weaken
antioxidant defenses [77]. In C. elegans animal model, several studies have been carried out to understand
the mechanisms through which probiotics can influence ageing, by activating different longevity
signaling pathways related to oxidative stress resistance. Prolongevity and oxidative stress responses
in C. elegans fed probiotics are induced via mechanism(s) that can be DAF-2/DAF-16-dependent or
a result of a cross talk among different pathways.

Among the tested strains, Bifidobacterium longum strain BR-108 has been shown to increase worm
lifespan following H2O2-induced oxidative stress, through activation of IIS pathway. After the cascade
activation, DAF-16 seems to co-localize with the heat-shock transcription factor (HSF)-1 in the nucleus,
in ducing the transcription of hsp-16.2 and hsp-70 that are involved in stress responses and longevity [59].

Similarly, Lactobacillus rhamnosus CNCM I-3690 and Bifidobacterium animalis subsp. lactis CECT8145
strains stimulated a strong resistance to oxidative stress in C. elegans, which was in part dependent on
the IIS pathway [49,53]. On the other hand, Lactobacillus gasseri SBT2055 (LG2055) has been reported
to promote a prolongevity effect in daf-2 and daf-16 mutant worms [9], thus demonstrating that
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prolongevity and enhancement of stress resistance were DAF-16-independent. These phenotypes occur
rather by triggering the p38 MAPK pathway, which culminates with the nuclear translocation of the
transcriptional factor skinhead family member (SKN)-1 [9]. SKN-1, an ortholog of the mammalian
Nrf2, in duces the expression of target genes involved in oxidative stress resistance and it is responsible
for the beneficial effect exerted by several other probiotic microbes [37,62,69].

Bifidobacterium longum subsp. infantis (formerly B. infantis) strain ATCC15697 resulted to extend
wild-type nematode lifespan, but it failed to prolong the lifespan of pmk-1, skn-1 and also daf-2 mutants,
demonstrating the involvement of p38 MAPK and IIS signaling pathways, both modulating SKN-1
activation [56,78].

It has been reported that the c-Jun N-terminal kinase (JNK) family, a subgroup of the MAPK
superfamily, phosphorylates DAF-16 at a different site with respect to DAF-2-mediated phosphorylation,
resulting in its nuclear translocation [79].

Similarly, AAK-2, which is one of the two alpha-catalytic subunits of 5′-AMP-activated protein
kinase (AMPK), can directly phosphorylate DAF-16, triggering prolongevity and oxidative stress
responses. Analysis of lifespan and gene expression of worms fed Weissella koreensis or W. cibaria,
demonstrates that some Weissella species promote longevity in C. elegans by inducing oxidative stress
responses through activation of DAF-16 via the JNK and AMPK pathways [68].

Several detoxifying enzymes are induced by different transcription factors in response to
oxidative stress. Two of these are the superoxide dismutase (SOD) and the glutathione S-transferase
(GST), which detoxify ROS [80]. Moreover, oxidative stress causes the activation of the transcriptional
factor HSF-1, which also regulates lifespan, and activation of JNK pathway. Zhao and coworkers
demonstrated that Bifidobacterium longum BB68, isolated from a centenarian subject, was able to increase
lifespan and oxidative responses in C. elegans, through increased expression of sod-3 gene, mediated by
the toll interleukin-1 receptor (TIR)–JNK signal transduction pathway resulting in DAF-16 nuclear
translocation [58]. Specifically, this highly conserved pathway consists of a TIR-domain protein, TIR-1,
activating JNK-1 through phosphorylation. In turn, JNK-1 phosphorylates DAF-16, which migrates to
the nucleus.

As stated above, in tracellular ROS represent an important marker to analyze the extent of oxidative
stress, and some probiotic strains have been shown to reduce their level in C. elegans. L. fermentum
MBC2, in addition to lifespan extension and anti-ageing effects, in duced a reduction of ROS levels
and an increased expression of detoxifying enzymes, such as GST-4, paralleled by an amelioration of
the other ageing biomarkers, such as locomotion activity, pumping rate and lipofuscin granules [36].

4.3. Immune Response and Pathogen Protection

Several candidate probiotic bacteria analyzed in this review have also been demonstrated to
affect immunity and inflammation pathways in C. elegans. Immune response and lifespan are tightly
linked in C. elegans. Among different molecular pathways shared with higher organisms, in nate
immunity of C. elegans shows many aspects similar to humans. Although the nematode does not
have a cell-mediated immune system, it possesses innate immune defense mechanisms that are
evolutionarily conserved [74]. In particular, C. elegans possesses different pathways associated with
immunity, in cluding the above mentioned p38 MAPK and IIS pathways, but also the trasforming
growth factor-beta (TGF-beta) [52,71,74,81] and the beta-catenin signaling pathways [82], which can be
induced by probiotics (Figure 2).

Immune responses to bacteria are mediated by interaction of specific microbial cell wall structures,
(microbial associated molecular patterns, MAMPs), such as peptidoglycan, teichoic acids and
lipopolysaccharides, with host receptors, in particular toll-like receptors (TLRs). In mammals
different TLRs have selective specificity for the different MAMPs, while in C. elegans a unique TLRs
homolog, TOL-1, has been identified so far [83]. The interaction of a TLR with its microbial ligand
activates several signaling pathways, in cluding p38 MAPK, resulting in the transcription of genes
necessary to mount the defense mechanism in the host. The main cell wall MAMPs share a common
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basic structure among different bacterial species, both pathogens and probiotics, but various subtle
chemical modifications present in the different species or strains can contribute to the strain-specific
properties of probiotics. This also implies that the final outcome of the TLR activation depends on
the type of interacting microorganism, meaning that a MAMP from one bacterial species can activate
a certain TLR, while a similar MAMP from another species, or strain, can down-regulate the same
TLR signaling [84]. The involvement of nematode TOL-1 in the regulation of prolongevity effect
exerted by Bifidobacterium longum subsp. infantis (formerly B. infantis) strain ATCC15697 was recently
demonstrated [57].

The majority of probiotic strains were employed in C. elegans to verify their prolongevity effects in
the context of protection from pathogen infection, through killing assays. Some others were tested on
lifespan extension in normal conditions. The use of nematode functional mutants or the analysis of gene
expression profile by RT-qPCR/microarray allowed the elucidation of the molecular players acting as
targets of probiotic action. Many human pathogens, such as Pseudomonas aeruginosa, Salmonella enterica,
Staphylococcus aureus, Klebsiella pneumoniae, enterotoxigenic Escherichia coli, Yersinia enterocolitica and
Listeria monocytogenes, can cause nematode death. It is known that pathogen infection induces
worm innate immune responses, consisting in the production of several antimicrobial proteins,
whose expressions are regulated by signaling pathways involved in the defense against harmful
bacteria [74]. Such antimicrobial proteins include lysozyme (LYS) family, and C-type lectins (CLEC). As
mentioned above, C. elegans lacks a cell-mediated immune system and the production of antimicrobial
peptides is, therefore, the outcome of its innate immunity to counteract infections [85]. As an example,
Bacillus subtilis NCIB3610, which forms a biofilm contributing to nematode prolongevity, specifically
stimulated lys-2 expression, in creasing C. elegans resistance to P. aeruginosa infection [86].

Zhou and coworkers reported that L. reuteri CL9 induced the expression of antimicrobial peptide
genes clec-60 and clec-85, in volved in the protection of nematodes against enterotoxigenic Escherichia coli
(ETEC) infection [51]. Similarly, L. zeae LB1 induced the production of antimicrobial peptides and
defensive molecules, such as LYS-7 and CLEC-85, through the p38 MAPK and IIS pathways, enhancing
resistance of C. elegans to ETEC infection [52]. The p38 MAPK pathway was also activated by
L. acidophilus NCFM, employed for protecting nematodes against the Gram-positive pathogens
Staphylococcus aureus and Enterococcus faecalis [29], as well as by L. casei LAB9, which displayed
protection against Klebsiella pneumoniae infection. In particular L. casei LAB9 activates TLR and triggers
the PMK-1/p38 MAPK pathway through the up-regulation of receptor activated protein C kinase
(RACK)-1, an adaptor molecule that plays a critical role in the host defence and survival [32].

The p38 MAPK pathway is also involved in protection against Legionella pneumophila infection
promoted by Bifidobacterium longum subsp. infantis (formerly B. infantis) ATCC 15697 via PMK-1 [55],
as well as in stimulation of C. elegans host defense by six foodborne strains of Bacillus licheniformis [87].
Moreover, Kwon et al. (2016) described that Propionibacterium freudenreichii KCTC 1063, isolated from
a dairy product, in creased resistance against Salmonella typhimurium, through the activation of SKN-1,
upon phosphorylation by PMK-1 [67].

L. acidophilus NCFM immune stimulation involved also the beta-catenin pathway through the
beta-catenin/armadillo related (BAR)-1 mediator, in dicating that different signaling pathways can act
in parallel to promote immunity [29].

On the other hand, the IIS signaling pathway was influenced by Clostridium butyricum MIYAIRI
588 (CBM 588), which was able to confer resistance to S. aureus and S. enteric infection through
DAF-16-dependent class II genes [62]. Two other genes implicated in the defense response and the
innate immune response through the IIS pathway, acdh-1 and cnc-2, were up-regulated by heat-killed
L. plantarum LP133 and L. fermentum LF21, protecting worms against Gram-negative pathogens
Salmonella typhimurium and Yersinia enterocolitica [39].

The evidence that the protective activity of different Lactobacillus species can be directed either to
Gram-positive or Gram-negative bacteria indicates that probiotic effects are species- and strain-specific,
as explained above, concerning TLR-MAMP interactions. To this respect, the above-mentioned
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Lactobacillus acidophilus strain NCFM, while active against Gram-positive bacteria, displayed a minimal
inhibitory effect on Gram-negative infection with P. aeruginosa or S. enterica [29].

In the absence of pathogen infection, lifespan extension exerted by L. salivarius DSM 20555
resulted to be dependent on the up-regulation of lys-7 and thn-2 genes, encoding LYS and
an immune effector member of the thaumatin family, respectively, in a DAF-16-independent manner,
suggesting the involvement of pathways other than IIS signaling [47]. In line with this evidence,
Butyricicoccus pullicaecorum KCTC 15070 and Megasphaera elsdenii KCTC 5187 prolonged C. elegans
lifespan by activating nuclear receptor signaling and the innate immune system in a TGF-beta
pathway-dependent, but IIS pathway-independent manner. The signaling involves DPP/BMP-Like
(DBL)-1, a mediator of the TGF-beta pathway, which binds to TGF-beta receptors, such as SMA-6/DAF-4,
on the cell membrane and activates transcription of specific target genes related to antibacterial defense,
in ducing the production of antimicrobial peptides, such as CLEC, LYS and lipase [61].

5. Conclusions

C. elegans represents a valuable in vivo model for studying how probiotics interact with the
host and what mechanisms are involved in prolongevity. Its numerous tools and the possibility of
genetic approaches has allowed advances in understanding these interactions. C. elegans shows highly
conserved pathways through which the host responds to microbes, revealing cross-talk regulating
longevity, ageing, stress resistance, and innate immune responses. The unique opportunity to
manipulate its diet renders C. elegans a powerful model organism for understanding the effect of
bacteria on these interconnected processes. Moreover, it also represents a low expensive screening
tool to identify novel probiotic strains from a large number of microbial candidates. The picture
emerging from this review evidences that several probiotic strains are able to exert anti-ageing effects in
nematodes, by acting on common, conserved molecular pathways, such as IIS and p38 MAPK. The cell
wall components of probiotic bacteria are thought to be primarily responsible for immunostimulation,
as clearly demonstrated for TLRs-MAMPs interactions. Moreover, key ageing- and stress-associated
regulatory elements, such as DAF-16/FOXO and HSF-1 transcription factors, also emerged as common
targets of probiotic activities. However, other important mediators still need to be identified and
characterized. In this perspective, C. elegans therefore appears to be advantageous to unravel key
mechanisms involved in host prolongevity in response to probiotics supplementation. Since these
mechanisms appear to be conserved across several species, the possibility of promoting the longevity
of humans through the consumption of probiotics is gaining increasing attention. Indeed, probiotic
supplementation has been suggested to slow or reverse the age-related changes in intestinal microbiota
composition, as well as the gradual decline of immune function in elderly, thus lowering the risk of
associated age-related morbidities. Nevertheless, future studies are needed to deepen insight on the
effect of probiotics on longevity in mammals.
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Abbreviations

AMPK 5′-AMP-activated protein kinase
CLEC C-type lectins
DAF Dauer Formation
ETEC Enterotoxigenic E. coli
FOXO Forkhead box O
GST Glutathione S-transferase
HSF-1 Heat-Shock transcription Factor-1
IIS Insulin/insulin-like growth factor-1
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JNK c-Jun N-terminal kinase
LYS Lysozyme
MAMP Microbial associated molecular pattern
p38 MAPK p38 mitogen-activated protein kinase
PMK-1 Mitogen-activated protein kinase-1
ROS Reactive oxygen species;
SKN-1 Skinhead family member-1
SOD Superoxide dismutase
TGF-beta Transforming growth factor-beta
TIR-1 Toll interleukin-1 receptor-1
TLR Toll-like receptor
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Abstract: Aging is a natural phenomenon that occurs in all living organisms. In humans, aging
is associated with lowered overall functioning and increased mortality out of the risk for various
age-related diseases. Hence, researchers are pushed to find effective natural interventions that can
promote healthy aging and extend lifespan. Royal jelly (RJ) is a natural product that is fed to bee
queens throughout their entire life. Thanks to RJ, bee queens enjoy an excellent reproductive function
and lengthened lifespan compared with bee workers, despite the fact that they have the same genome.
This review aimed to investigate the effect of RJ and/or its components on lifespan/healthspan
in various species by evaluating the most relevant studies. Moreover, we briefly discussed the
positive effects of RJ on health maintenance and age-related disorders in humans. Whenever possible,
we explored the metabolic, molecular, and cellular mechanisms through which RJ can modulate
age-related mechanisms to extend lifespan. RJ and its ingredients—proteins and their derivatives
e.g., royalactin; lipids e.g., 10-hydroxydecenoic acid; and vitamins e.g., pantothenic acid—improved
healthspan and extended lifespan in worker honeybees Apis mellifera, Drosophila Melanogaster flies,
Gryllus bimaculatus crickets, silkworms, Caenorhabditis elegans nematodes, and mice. The longevity
effect was attained via various mechanisms: downregulation of insulin-like growth factors and
targeting of rapamycin, upregulation of the epidermal growth factor signaling, dietary restriction,
and enhancement of antioxidative capacity. RJ and its protein and lipid ingredients have the potential
to extend lifespan in various creatures and prevent senescence of human tissues in cell cultures. These
findings pave the way to inventing specific RJ anti-aging drugs. However, much work is needed
to understand the effect of RJ interactions with microbiome, diet, activity level, gender, and other
genetic variation factors that affect healthspan and longevity.

Keywords: aging; alternative therapy; composition of royal jelly; dietary interventions; healthspan;
lifespan; longevity; royal jelly; IGF-1; oxidative stress

1. Introduction

Reduced mortality from both communicable and noncommunicable diseases accelerates the
growth of aging populations worldwide. However, long living entails reduced healthspan out of
increased burden of noncommunicable diseases [1]. Aging, healthspan, and lifespan are tightly related
concepts. Though aging is a natural phenomenon, numerous factors such as stress, poor nutrition,
and pollution are associated with increased internal production of free radicals, which enhance
chronic subclinical inflammation and lead to faster aging [2,3]. Aging-related oxidative damage and
inflammation contribute to a trail of cellular and molecular alterations: telomere attrition, epigenetic
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alterations, genome instability, reduced proteostasis, disturbed nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication. In this
respect, aging represents a process of random cellular degradation [4–6], which is associated with
increased likelihood of progressive loss of function, decreased fertility, and increased risk of various
diseases (both physical and cognitive)—contributing to premature death and increased morbidity in
aging populations (Figure 1) [2,7].

Figure 1. The dynamics of aging-related decrease of healthspan and lifespan. The production of free
radicals increases with aging (which is on the rise out of improved disease management) and also
with exposure to various stresses (e.g., pollution, poor nutrition, and psychological stress) leading to
oxidative stress. This is associated with reduced production of antioxidant enzymes and activation
of inflammatory pathways. Both oxidative stress and chronic inflammation lead to a trail of cellular
and molecular alterations: telomere attrition, epigenetic alterations, genome instability, reduced
proteostasis, disturbed nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication. Such age-related physiological alterations result in
poor health and loss of function out of increased occurrence of various metabolic and neurodegenerative
disorders. Age-related disorders are associated with increased mortality and premature death i.e.,
decreased lifespan.

A recent review indicates that family profiles of centenarians emphasize the contribution of
“protective or longevity genes” to extreme longevity as well as to low incidence of age-related
diseases in this group [5]. Apart from genetic factors, favorable environmental conditions and
healthy lifestyles contribute to low morbidity in people who survive to extreme ages [8,9]. Therefore,
the worldwide substantial increase of aging populations, who encounter a trail of debilitating illnesses,
has driven researchers to find strategies to slow aging and support a healthy lifespan by delaying
the onset of age-related diseases [5]. Research denotes that the natural decline of function that
occurs with aging, as well as age-related disorders, can be prevented and/or reversed through
environmental modifications such as dietary interventions [10,11]. Accumulating evidence indicates
that functional foods can promote healthy aging, reduce morbidity, and lengthen healthy lifespans [12].
Royal jelly (RJ) is considered a functional food (with a documented safety profile) because it has
a range of pharmacological activities: antioxidant, anti-inflammatory, antitumor, antimicrobial,
anti-hypercholesterolemic, vasodilative, and hypotensive. Indeed, RJ has been widely used to treat
several health conditions such as diabetes mellitus, cardiovascular diseases, and cancer, to name a
few [13,14].

RJ is a creamy substance secreted from the mandibular and hypopharyngeal glands of the worker
honeybee Apis mellifera. It is the food of all bee larvae during their first 3 days of life; workers then shift
to worker jelly (WJ), composed mainly of honey and pollen, while bee queens continue to consume
RJ [15–17]. It is suggested that RJ is a potent promoter of healthy aging and longevity because it
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enhances overall health and fertility of queen bees, who may lay up to 3000 eggs a day and survive
as long as five years compared with infertile workers that live up to 45 days only [18–20]. However,
studies of the effect RJ on longevity in humans are scarce, presumably due to technical and ethical
reasons. In this respect, this paper reviews, synthesizes, and discusses the most relevant studies that
used RJ to enhance healthspan and extend lifespan in different species. We also examined the metabolic,
molecular, and cellular mechanisms associated with the longevity-promoting properties of RJ.

2. Chemical Composition of RJ

Water constitutes 60–70% (w/w) of fresh RJ; pH of fresh RJ usually ranges between 3.6 and
4.2. The various pharmacological properties of RJ are attributed to its unique and rich composition
of proteins, carbohydrates, vitamins, lipids, minerals, flavonoids, polyphenols, as well as several
biologically active substances [21]. Herein, we provide a detailed description of most ingredients of RJ.

2.1. Sugars

Sugars comprise 7.5–15% of RJ content. Fructose and glucose constitute 90% of the total sugar
fraction of RJ, whereas sucrose accounts for 0.8–3.6%. RJ contains very small amounts of other sugars
such as maltose, trehalose, melibiose, ribose, and erlose [22]. RJ sugar content varies remarkably
from one sample to another based on season, geographical location, botanical origin, bee species,
and method of production. For example, French RJ contents of sucrose and erlose are less than
1.8% and 0.4%, respectively, whereas their concentrations in RJ produced by sugarcane feeding are
comparatively higher (7.7% and 1.7%) [23]. Sugars of RJ are thought to contribute to its epigenetic
effects, given that RJ sugar content is extremely high compared with WJ (the main food of bee workers).
Meanwhile, supplementing WJ with fructose and glucose (4%) fosters the development of larvae to
adult workers. In the same way, a gradual increase of WJ sugar concentrations (up to 20%) increases
larval consumption of WJ and eventually results in the development of intercastes (midway between
queens and workers) and queens at a rate similar to that obtained by pure RJ for in vitro rearing [24,25].
Thus, sugars of RJ represent a phagostimulant that functions through the insulin/insulin-like signaling
cascades and the nutrient sensing mTOR pathway to derive larval development by increasing quantities
of ingested food and increasing intake of nutrients necessary for queen development [25].

2.2. Lipids

Among the principal bioactive constituents of RJ, lipids constitute 7–18% of RJ content; 90%
of these lipids are rare and unique short hydroxy fatty acids with 8–12 carbon atoms in the chain
and dicarboxylic acids. The most prominent RJ fatty acids in order are 10-hydroxydecanoic acid
(10-HDA), 10-hydroxy-2-decenoic acid (10H2DA), and sebacic acid (SA) [18]. The 10-HDA exerts
epigenetic control over caste differentiation of Apis mellifera by inhibiting histone deacetylases, which
catalyze the hydrolysis of ε-acetyl-lysine residues of histones [25,26]. Due to the low pH of RJ, 10-HDA
acts as a strong bactericidal. It therefore, protects bee larvae against virulent bacterial infections
that affect bee hives such as those caused by some strains of Paenibacillus larvae [27]. In mammals,
it protects mice against pulmonary damage induced by lipoteichoic acid, a toxin from Staphylococcus
aureus [28]. It also exerts an antibacterial effect against various pathogenic bacterial species in human
cancer colon cells [29]. The 10-HDA may be used to treat age-related neurodegenerative disorders
given its documented neurogenic activity—it stimulates neuronal differentiation from progenitor cells
(PC12) cells through mimicking the effect of brain-derived neurotrophic factor [30]. In addition,
it possesses neuroprotective effects against glutamate- and hypoxia-induced neurotoxicity [31].
The 10-HDA may also be used for manufacturing cosmetics and anticancer drugs, given that it
increases skin-whitening and exerts antiproliferative effects on B16F10 melanoma cells by inhibiting
the expression of microphthalmia-associated transcription factor and tyrosinase-related protein 1
(TRP-1) and TRP-2 [32]. Moreover, 10-HDA has been identified as an inhibiting factor of matrix
metalloproteinases (MMPs)—proenzymes activated by proteolytic cleavage under inflammatory
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conditions, which degrade matrix and non-matrix proteins and contribute to tissue aging (e.g., skin)
and cause serious disabling diseases such as rheumatoid arthritis [33,34].

SA, 10-HDA, and 10H2DA, demonstrate anti-inflammatory effects through regulation of
several proteins involved in the mitogen-activated protein kinase (MAPK) and nuclear factor
kappa-B signaling [29,35]. Moreover, these acids mediate estrogen signaling by enhancing the
activity of estrogen receptors (ERs) ERα, ERβ [36], which can benefit bone, muscle, and adipose
tissue in a sex-dependent manner [31]. A derivative of 4-hydroperoxy-2-decenoic acid known as
4-hydroperoxy-2-decenoic acid ethyl ester (HPO-DAEE) prevents 6-hydroxydopamine-induced cell
death in human neuroblastoma SH-SY5Y cells through triggering slight emission of reactive oxygen
species (ROS), which stimulates the production of antioxidants via activation of antioxidant pathways:
nuclear factor erythroid 2 (NRF2)-antioxidant response element (ARE) and eukaryotic initiation
factor 2 (eIF2α), an upstream effector of the activating transcription factor-4 (ATF4) [37]. HPO-DAEE
also demonstrates anticancer effects through accumulation of intracellular ROS and activation of
proapoptotic CCAAT-enhancer-binding protein homologous protein expression [38]

2.3. Proteins

Proteins are the dominant ingredient of RJ (50% of its dry matter) and more than 80% of total RJ
proteins are composed of nine major RJ proteins (MRJPs, 49–87 kDa)—the first five MRJPs constitute up
to 82–90% of MRJPs. Glycosylation and phosphorylation of MRJPs is essential for biological processes
that involve glycoproteins, such as cell adhesion, cell differentiation, cell growth, and immunity. MRJPs
modulate the development of female larvae, not only through their high nutritional value but mainly
through physiological activity of their highly homologous 400–578 amino acids that contribute to RJ’s
role in cell proliferation, cytokine suppression, and antimicrobial activity [12].

Research documents anti-senescence activity of MRJPs for human cells in vitro [39]. MRJP1 is
the most dominant among all MRJPs; essential amino acids constitute 48% of its content. Circular
dichroism measurements indicate that the secondary structure of MRJP1 consists of 9.6% α-helices,
38.3% β-sheets, and 20% β-turns [22]. MRJP1 exists in two distinct forms: oligomer and monomer.
Oligomer MRJP1 is highly heat-resistant and it is considered a predominant proliferation factor
compared with MRJP2 and MRJP3 [40]. High-performance liquid chromatography and SDS-PAGE
analyses of MRJP1 revealed the presence of a 57 kDa monomeric glycoprotein, which can be degraded
at 40 ◦C, known as royalactin. Royalactin mimics the effect of epidermal growth factor (EGF) in
rat hepatocytes and modulates the development of bee larvae [41]. Royalactin is reported to bind
with the most sensitive regions in mouse embryonic stem cell culture, resulting in activation of a
pluripotency gene network that enables self-renewal of stem cells [42]. MRJP1 exerts nematicidal
activity against C. elegans via constant downregulation of a rate-controlling enzyme of the citric acid
cycle known as isocitrate dehydrogenase encoding the idhg-1 gene [43]. On the other side, MRJP2
and its isoform X1 exhibit potent anticancer effects and protect hepatocytes against CCl4 toxicity by
inducing caspase-dependent apoptosis, scavenging intracellular free radicals, inhibiting tumor necrosis
factor (TNF)-α, and mixed lineage kinase domain-like protein [44].

RJ contains proteins other than MRJPs, albeit in small amounts, such as royalisin, jelleines, and
aspimin. Royalisin and jelleines are common RJ antimicrobial peptides that enhance efficiency of the
immune response of bee larvae to various infections. The structure of royalisin is highly compact due
to its high cysteine content, which boosts its stability at low pH and high temperature. On the other
hand jelleines are thought to stem from trypsin digestion of MRJP1 by the action of exo-proteinase of
the hypopharyngeal glands on C-terminal to N-terminal tryptic fragment. Peptides of royalisin and
jelleines possess hydrophobic residues, which contribute to their antimicrobial properties by affecting
functions of bacterial membranes. RJ also contains apolipophorin III-like protein, a lipid binding
protein that exerts antimicrobial effect by carrying lipids into aqueous environments through the
formation of protein–lipid complexes. In addition, the antibacterial effect of RJ is partially attributed
to its glucose oxidase enzyme, which catalyzes the oxidation of glucose to hydrogen peroxide [45].

88



Int. J. Mol. Sci. 2019, 20, 4662

Recently, examination of whole RJ and single protein bands by off-line LC-MALDI-TOF MS glycomic
analyses, complemented by permethylation, Western blotting, and arraying data, revealed the presence
of glucuronic acid termini, sulfation of mannose residues, core β-mannosylation of the N-glycans,
and a fairly scarce zwitterionic modification with phosphoethanolamine, which may contribute to the
development of honey bees and their innate immunity [46].

2.4. Phenols, Flavonoids, and Free Amino Acids

The antioxidant potency of RJ, at least in part, is attributed to its polyphenolic compounds and
flavonoids, which are measured based on gallic acid and rutin equivalent (GAE and RE), respectively [47].
RJ contains 23.3 ± 0.92 GAE μg/mg and 1.28 ± 0.09 RE μg/mg of total phenolics and flavonoids,
respectively. The vast phenolic content of RJ consists of pinobanksin, organic acids (e.g., octanoic
acids, dodecanoic acid, 1,2-benzenedicarboxylic acid), and their esters. Meanwhile, flavonoids of RJ
can be differentiated into four groups: (1) flavanones e.g., hesperetin, isosakuranetin, and naringenin;
(2) flavones e.g., acacetin, apigenin and its glucoside, chrysin, and luteolin glucoside; (3) flavonols
e.g., isorhamnetin and kaempferol glucosides; and (4) isoflavonoids e.g., coumestrol, formononetin,
and genistein. The antioxidant activity of these components contributes to the antiapoptotic and
anti-inflammatory properties of RJ [18]. Age of larvae that produce RJ (1–14 days) and harvesting time
affect RJ content of phenols and amino acids; RJ harvested from the youngest larvae (one-day-old)
within 24 h contains higher proteins and polyphenolic compounds and exhibits stronger free radical
scavenging effect compared with RJ harvested from older larvae or later than 24 h [47]. Small peptides
such as di-peptides (Lys-Tyr, Arg-Tyr, and Tyr-Tyr) obtained from RJ proteins hydrolyzed by protease
N possess high antioxidative activity owing to their phenolic hydroxyl groups, which scavenge free
radicals by releasing a hydrogen atom [48].

RJ is rich in amino acids, including essential ones [22]. Concentrations of free amino acids in RJ
increase with harvesting time from 4.30 mg/g at 24 h to 9.48 mg/g at 72 h, whereas levels of total amino
acids decrease by time from 197.96 mg/g at 24 h to 121.32 mg/g at 72 h [49]. LC/MS method analysis
and hydrophilic interaction liquid chromatography-tandem mass spectrometry indicate that lysine is
the most prominent free amino acid in RJ (62.43 mg/100 g), followed by proline (58.76 mg/100 g), cystine
(21.76 mg/100 g), and aspartic acid (17.33 mg/100 g). RJ contains less than 5 mg/100 g of other amino
acids such as valine, glutamic acid, serine, glycine, cysteine, threonine, alanine, tyrosine, phenylalanine,
hydroxyproline, leucine-isoleucine, and glutamine [18,50].

The amino acid content in protease-treated RJ (pRJ)—obtained by removal of two allergen proteins
to convert RJ hydrolysates into shorter chain monomers that are easy to absorb—is greater than in
crude RJ [51]. Moreover, eluted water pRJ with 30% MeOH contains higher levels of dipeptides and
tripeptides than pRJ. These components are likely to possess a lifespan-prolonging activity since
pRJ increases lifespan of C. elegans compared with RJ [52]. Evidence signifies that amino acids of
RJ can prolong lifespan in mammals. Long-term dietary supplementation of branched-chain amino
acid-enriched mixture (BCAAem), which contains 3 branched-chain amino acids that can be found
in RJ (leucine, isoleucine, and valine), enhances mitochondrial biogenesis and sirtuin 1 expression,
and reduces ROS production in cardiac and skeletal muscle, which is associated with alleviation
of age-related muscle dysfunction, resulting in an increase of the average lifespan of male mice.
The effect of these amino acids on mitochondrial biogenesis involved activation of signaling pathways
of endothelial nitric oxide synthase (eNOs) and mTOR and its substrates: S6K and eukaryotic translation
initiation factor (eIF4E)-binding protein (4E-BP1) [53].

2.5. Vitamins, Minerals, and Bioactive Substances

Pantothenic acid (vitamin B5) is the most abundant vitamin in RJ (52.8 mg/100 g), followed by
niacin (42.42 mg/100 g). RJ contains small amounts of various B group vitamins (B1, B2, B6, B8, B9,
and B12), ascorbic acid (vitamin C), vitamin E, and vitamin A [18,22]. Gardner (1948) noted that
pantothenic acid of RJ is a lifespan-extending agent [54].
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Mineral salts constitute 1.5% of RJ content [18]. Inductively coupled plasma optical emission
spectroscopy and double focusing magnetic sector field inductively coupled plasma mass spectrometry
indicate that RJ contains small amounts of various minerals and trace elements such as K, Na, Mg, Ca,
P, S, Cu, Fe, Zn, Al, Ba, Sr, Bi, Cd, Hg, Pb, Sn, Te, Tl, W, Sb, Cr, Mn, Ni, Ti, V, Co, and Mo. Whereas
concentrations of trace and mineral elements in honey vary according to botanical origin, RJ content of
trace elements and minerals is highly constant. In this respect, RJ can be considered a form of larval
lactation that possesses homeostatic adjustment, same as mammalian and human breast milk [55].

RJ contains high amounts of acetylcholine (Ach, 4–8 mM), and RJ concentration of Ach is highly
conserved because of its acidic pH [56]. It is well-known that Ach acts as a neurotransmitter that
plays a major role in memory formation and cognitive functioning. Glucose metabolism and insulin
contribute to Ach synthesis by controlling the activity of choline acetyltransferase [57]. In this respect,
consumption of RJ may prevent the development of cognitive dysfunction thanks to its Ach content.
In addition, Ach content of RJ has a survival promoting effect [56].

RJ is rich in nucleotides such as free bases (e.g., adenosine, uridine, guanosine, iridin, and
cytidine) and phosphates (e.g., adenosine diphosphate (ADP), adenosine triphosphate (ATP), and
adenosine monophosphate (AMP)). Nucleotides constitute 2682.9 mg/kg and 3152.8 mg/kg in fresh
and commercial RJ, respectively. Levels of ADP, ATP, and AMP are higher in fresh RJ, and therefore,
they can signify RJ freshness. These compounds are necessary for organisms’ physiological activities
e.g., metabolic degradation of intracellular ATP is essential to provide cells with energy necessary for
transport systems and enzymatic activities of proteins [22,58]. Among all nucleotides, AMP N1-oxide
is considered a unique active component that exists nowhere in nature except in RJ. AMP N1-oxide
demonstrates neurogenic and neurotrophic activities: it stimulates neurite outgrowth and induces
differentiation of PC12 cells into neurons similar to sympathetic neurons. This action is similar to
that of nerve growth factor, which functions through activation of two cascades of cellular signaling
MAPK/extracellular signal-regulated kinase 1 or 2 (ERK1/2) and phosphatidylinositol 3-kinase/Akt
pathways. The neurite outgrowth-promoting activity of AMP N1-oxide is mediated by adenylate
cyclase-coupled adenosine A2A receptors, which are highly expressed in the brain (striatum in
particular)—adenosine A2A receptors prevent radical formation and apoptosis, and they contribute to
early neuronal development and regulation of synaptic plasticity [18,59].

3. Healthspan and Longevity Effects of RJ in Various Species

3.1. RJ Enhances Fertility and Longevity in Population of the Beehive

Numerous bioactive elements are abundant in RJ, making it an optimal food and a well-balanced
nutrient-rich diet [25] that, when consumed by bee larvae, induces their development into queens.
Meanwhile, larvae that consume honey or pollen grow into workers, which live shorter and are
unable to reproduce. On the other hand, emerging bee workers fed RJ-rich diet acquire queen-like
morphogenic characteristics such as increased body size and ovary development [41,60,61]. Real-time
RT-PCR and HPLC-ECD analysis denoted that augmentation of fertility (ovarian development) in bee
workers by RJ is the result of enhancement of brain levels of tyrosine, dopamine, and tyramine by
RJ [61], as well as activation of epidermal growth factor receptor (EGFR), which increases the production
of the juvenile hormone, titre, known to regulate growth [41]. RJ also improves the memory of bee
workers [62] and increases their survival [15,41,56,62,63], owing to its high Ach concentration [56],
MRJP1 content of royalactin [41], MRJPs 2, 3, and 5 [25], and a water soluble RJ protein extracted by
precipitation with 60% ammonium sulfate (RJP60) [15].

3.2. RJ Enhances Healthspan and Longevity in Other Species

Based on the assumption that RJ is the main factor contributing to long survival of bee queens,
several studies examined the lifespan-expanding effects of RJ in diverse species (Figure 2), and results
seem to be consistent with the naturally occurring model of bee queens.

90



Int. J. Mol. Sci. 2019, 20, 4662

Figure 2. Royal jelly and its components improve healthspan and extend lifespan in different species.

3.2.1. Drosophila Melanogaster (Fruit Fly)

The fruit fly Drosophila melanogaster (M.) has been widely used in the literature as an invertebrate
model to understand the pathology of numerous diseases and to examine the effect of various agents,
including RJ. The earliest study of the longevity effect of RJ dates back to 1948. That study reported that
large doses of dehydrated RJ, its pantothenic acid, as well as its water soluble and insoluble organic
acids significantly extended lifespan of Drosophila M. compared with controls. The author suggested
that pantothenic acid of RJ may have an anti-aging effect by itself or by synergizing the action of other
vitamins [54]. In a relatively recent study, RJ (0.1, 0.3, and 0.5 g) significantly increased the average
lifespan of both male and female flies—the effect was attributable to enhancement of the antioxidation
capacity noticed in flies treated by high doses of RJ: increased superoxide dismutase (SOD) and catalase
levels [64].

As a replication of his experiment of RJ and royalactin in bees, Kamakura (2011) treated Drosophila
Canton-S. larvae with royalactin and 20% fresh RJ. RJ treatment increased body size, cell size, and
fertility; prolonged lifespan; and shortened developmental time from larva to adult compared with
control. Same as in bees, RT-PCR and enzyme immunoassay showed that both RJ and royalactin
induced EGFR signaling (not insulin signaling), which activated S6K in the fat body, which further
increased the body size. EGFR also activated the MAPK pathway, which increased the synthesis of a
biologically active ecdysteroid known as 20-hydroxyecdysone (20E) and juvenile hormone—an effect
that was demonstrated by growth regulation—reducing the developmental time [41]. A subsequent
study stated that supplementing Drosophila M. with 1% freeze-dried RJ (FDRJ) powder shortened
developmental time, prolonged the lifespan of adult males, and increased females’ egg production
without any morphological changes. In female flies, RT-PCR indicated that FDRJ was significantly
associated with heightened gene expression of an insulin-like peptide known as dilp5, its insulin
receptor (InR), and the nutrient sensing molecule mTOR, the mechanistic target of rapamycin—all
these molecules are known to affect growth and reproduction. However, stimulation of the insulin/TOR
signaling pathways was not associated with extension of lifespan of FDRJ-fed female flies [17]. Another
study noted that supplementation of MRJPs, especially MRJP 1 and MRJP3, at an optimal dose of
2.5% (w/w) of diet significantly lengthened the mean lifespan of both male and female Drosophila. The
longevity effect of MRJPs was positively associated with increased feeding and fertility. Microarray data
and gene ontology enrichment analyses revealed that the molecular mechanism underlying increased
lifespan and fertility was similar to that discovered by Kamakura (2011): MRJP supplementation
upregulated the gene expression of S6K, MAPK, and EGFR in EGFR-mediated signaling. In addition,
MRJPs improved the anti-oxidation capacity of flies by increasing the expression of CuZn-SOD gene
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i.e., SOD levels were higher, while malonaldehyde (MDA) levels were lower than control flies [12].
Another study replicated the size/growth enhancing effect of RJ at low concentrations (10–30%) in
Drosophila M. [16]. However, males’ lifespan decreased by 20% RJ treatment whereas none of these
concentrations affected the lifespan of females. Findings provided no evidence of RJ activation of
insulin and EGFR signaling pathways, yet RJ regulated the gene expression related to oxidative stress
and catabolism. The authors attributed the discrepancy noted between their results and findings of
other studies to employing a slightly different strain of Drosophila (Canton-S), using a commercially
available source of RJ, and difference in the nutrient contents of the control culture medium. On the
other hand, higher concentrations (40–70%) of RJ had adverse effects: prolonged development time,
shortened lifespan, increased mortality, and reduced productivity in both sexes. Data on global gene
expression indicated that excess nutrients in high doses of RJ altered cellular processes as a result of
altering genes involved in amino acid metabolism and encoding glutathione S transferases, which
detoxify xenobiotic compounds [16].

3.2.2. Gryllus Bimaculatus Cricket and Silkworms

The two-spotted cricket Gryllus (G.) bimaculatus, a member of primitive group Polyneoptera,
is another kind of species that were used to examine the longevity effect of RJ. RJ dietary supplementation
to G. bimaculatus during early nymph stage significantly decreased developmental time, extended
lifespan, and increased the body size of both males and females in a dose-dependent manner (8−15%
w/w) compared with the control high protein, sugar, and lipid diet. The prolonged lifespan of RJ was
not due to an extended nymph stage since the adult stage emerged earlier in crickets fed RJ than those
fed the control diet. Similarly, RJ administration increased body size and egg size in female silkworms.
The authors concluded that the effects of RJ were not attributed to the nutritional supplement itself;
however, they did not examine the molecular mechanism behind them [65].

3.2.3. Caenorhabditis (C.) Elegans Nematodes

Caenorhabditis (C.) elegans nematodes have been used in several instances to test the
longevity-promoting activity of RJ. Japanese researchers found that RJ, protease-treated RJ (pRJ),
pRJ-Fraction 5 (pRJ-Fr.5), and a derivative of pRJ-Fr.5—10-HDA (the main lipid of RJ)—extended the
lifespan of C. elegans. RJ 10 μg/mL was an optimal dose for enhancing longevity by 7−9%, while RJ
1 or 100 μg/mL had no effect. Meanwhile, all pRJ concentrations significantly prolonged the mean
lifespan—though the greatest effect was noticed at 10 μg/mL, which increased mean lifespan by
7–18%. The longevity effect of combined pRJ-Fr.5 and 10-HDA was greater than that induced by each
treatment on its own. DNA microarray and RT-PCR showed that the longevity-promoting effect was
attributed to reduction of the insulin/IGF-1 signaling—pRJ-Fr.5 upregulated the expression of dod-3
gene and downregulated the expression of ins-9, an insulin-like peptide gene, along with dod-19, dao-4,
and fkb-4 genes (further details are shown below in the mechanism section) [52]. In two subsequent
studies RJ, pRJ, and 10-HDA enhanced longevity and increased stress resistance of C. elegans against
thermal, irradiation, and oxidative stress [66,67]. Intact, deglycosylated, and mildly heat-treated
royalactin extended mean lifespan of C. elegans by 18–34%—higher concentrations produced the vastest
lifespan-extending effect. Royalactin also enhanced locomotion, which indicates promotion of healthy
aging [68].

3.2.4. Mice

Few studies investigated the lifespan extending activity of RJ in mice. In an early study,
intermediate and high doses (50 and 500 ppm) of RJ significantly prolonged the mean lifespan of
C3H/HeJ mice by 25%, whereas RJ at a low dose (5 ppm) yielded no significant effect. Meanwhile,
all doses of powdered RJ, contrary to bee and Drosophila studies, had no effect on mice growth, food
intake, or appearance compared with control mice. RJ treatment significantly lowered kidney DNA
and serum levels of 8-hydroxy-2-deoxyguanosine, a marker of oxidative stress that increases with
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aging [2]. Similarly, long-term intragastric administration of RJ and pRJ to a d-galactose-induced aging
mice model resulted in numerous anti-aging and healthspan effects: preventing aging-related weight
loss, improving memory and motor performance, and delaying aging-related atrophy of thymus,
thus preventing diminution of the immune function compared with control animals. The effects were
attributed to inhibition of lipid peroxidation and improvement of levels of antioxidant enzymes [69].
Likewise, dietary supplementation of RJ and pRJ (0.05% or 0.5%, v/v) to genetically heterogeneous head
tilt mice—which exhibit vestibular dysfunction, imbalanced position, and inability to swim—could
not prolong lifespan but significantly delayed age-related impairment of motor functions, positively
improved physical performance of treated mice on four tests (grip strength, wire hang, horizontal bar,
and rotarod), lowered age-related muscular atrophy, increased markers of satellite cells (muscle stem
cells), and suppressed catabolic genes [70]. Another study examined the survival-expanding time
(not lifespan extension) of oral RJ treatment (75, 150, and 300 mg/kg body wt/day for 13 consecutive
days) following NaNO2 intraperitoneal injection or decapitation as models of brain hypoxia and
complete brain ischemia [71]. Findings indicated that the intermediate dose of RJ (150 mg) significantly
expanded survival time, whereas RJ 75 mg had no significant effect, meanwhile RJ 300 mg significantly
decreased survival time. The author suggested that low pH of RJ (3.6 to 4.2) in mice treated with high
doses of RJ induced activation of acid-sensing channels, increased acidosis of extracellular fluid, and
aggravated brain ischemia [71].

4. RJ Might Enhance Longevity in Humans by Promoting General Health

It is an important question whether observed effects of RJ on healthspan and longevity in model
organisms (e.g., bees, fruit flies, C. elegans, silkworms, crickets, and mice) can be generalized to humans.
A small number of in vitro studies examined the antiaging activity of RJ, 10-HDA, and MRJPs on human
cell lines, and results support findings reported from studies of model organisms. In two experiments,
normal human skin fibroblasts were ultraviolet-irradiated (as a model of skin photoaging) and treated
with RJ and 10-HDA. Results revealed that RJ and 10-HDA protected cells against ultraviolet A- and
B-induced ROS-related oxidative damage, decreased cellular senescence, stimulated the production
of procollagen type I and transforming growth factor-β1 [33,72], and suppressed the expression of
MMP-1 and MMP-3 at transcriptional and protein levels [33]. In another study, human embryonic lung
fibroblast cells were treated with different concentrations of MRJPs (0.1–0.3 mg/mL) versus bovine
serum albumin. MRJP-treated cells showed the highest proliferation activity, the lowest senescence,
and the longest telomeres. Such effects were associated with upregulation of SOD1 and downregulation
of mTOR, catenin beta like-1, and tumor protein p53 [39]. Apart from these limited in vitro studies, we
could not locate any study that investigated the effect of RJ on lifespan in humans in vivo. However,
several studies assessed the effect of RJ on promotion of wellbeing and prevention of severe diseases
associated with increased early death—these studies may mirror the healthspan effects of RJ. Herein,
we explore how RJ may support healthy aging in the general population.

It is becoming clear that certain metabolic pathways reduce longevity in humans by increasing
the risk of serious illnesses that contribute to mortality e.g., diabetes mellitus, metabolic syndrome,
cardiovascular diseases, and cancer [73]. The life-expanding effect of RJ possibly originates from
its antioxidant and anti-inflammatory properties, which can promote healthy aging by improving
glycemic status, lipid profiles, and oxidative stress—and hence can prevent the occurrence of various
debilitating metabolic diseases [13,14]. In accordance, administration of RJ in healthy volunteers was
associated with improved indicators of physical wellbeing (erythropoiesis and glucose tolerance) [74].

Rheumatoid arthritis (RA) is one of the most common disabling disorders that seriously endanger
healthspan. It is a chronic systemic inflammatory arthritis that occurs at an age of onset of 55 years
and increases with age i.e., it predominantly affects the older population. Meanwhile, treatment is
complicated by age-related decline in organ function (e.g., renal and metabolic), comorbidities, and
changes in body composition (e.g., decreased lean mass), which make outcomes of RA treatment
(steroids and anti-TNF agents) in the elderly highly disappointing [75]. On the other hand, a relatively
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large number of in vitro studies indicate that 10-HDA can be a safe treatment of RA. The 10-HDA is
likely to prevent joint destruction by inhibiting MMP production from rheumatoid arthritis synovial
fibroblasts through blockage of p38 kinase and c-Jun N-terminal kinase-AP-1 signaling pathways [34,76].
The 10-HDA also prevents cell proliferation of fibroblast-like synoviocytes by inhibiting target genes of
PI3K–AKT pathway and genes of cytokine-cytokine receptor interaction [77].

It is believed that hormones play a major role in healthspan and longevity by regulating cellular
responses, metabolism, and growth [78]. Insulin is one of such hormones that affect every single
cell in the body; its signaling pathway interacts with a variety of other pathways and affects their
functioning [79]. For instance, overexpression of insulin-like growth factors (IGFs) and receptors for
insulin is associated with increased cell proliferation and risk of cancer [80]. Meanwhile, downregulation
of insulin signaling contributes to proper mitochondrial function, suppression of inflammatory
mediators, regulation of cellular metabolism, cellular resistance to stress, activation of DNA repair
genes, and reduction of oxidative damage of macromolecules and cellular senescence, which all
further enhance health and longevity, both in humans and other species [79,81,82]. In this respect,
most anti-aging dietary interventions target growth-promoting pathways i.e., they function by
downregulating IGF-1 and mTOR-S6K pathway and activating nutrient sensors (MAPK and sirtuins),
which signal nutrient scarcity and stimulate catabolism [83]. A majority of the above-reviewed studies
indicate that RJ enhanced longevity by targeting insulin signaling; this mechanism is likely to work in
humans. In fact, RJ has an insulin-like activity—an insulin-like peptide had been purified from RJ
and it is similar to insulin of vertebrates in solubility, chromatographic, immunological, and biological
characteristics [84]. Administration of RJ to healthy athletes significantly decreased their insulin and
increased thyroxine (T4) hormone levels in plasma [85]. In line with this, healthy adults who consumed
a single oral dose of RJ (20 g) immediately before oral glucose tolerance test showed significantly
reduced glucose level [86].

Aging is usually associated with reduction of sex hormones [87]. The genetic switch model of
aging postulates that end of reproduction entails a genetically programmed inactivation of survival
and maintenance pathways, which causes a progressive age-related decline of function [88]. In fact,
sex hormones are considered markers of longevity since they have a neuroprotective effect, which
originates from their ability to improve insulin resistance and enhance the DNA repair capacity of
neurons [74,89]. It is becoming clear that RJ modulates sex hormones. The endocrine stimulation
exerted by RJ is necessary for ovary development in bee queens and it increased egg-laying in
Drosophila M. and silkworms [41,63,65]. RJ and royalactin increased juvenile hormone titre (a fertility
hormone) downstream of EGFR signaling in Drosophila M. [12,17,41]. Several studies indicated that
RJ and its lipids exert estrogenic activity both by binding with estrogen receptors and activating the
expression of endogenous genes [87,90]. Therefore, sex hormones represent another facet through
which RJ may enhance longevity. In humans, RJ supplementation to healthy volunteers increased
serum testosterone and the ratio of testosterone/dehydroepiandrosterone sulfate, indicating that RJ
accelerates conversion of dehydroepiandrosterone sulfate into testosterone. The authors suggested
that RJ-induced improvement of erythropoiesis in their sample could be ascribed to the anabolic effect
of testosterone [74].

Menopause is a common inevitable age-related phenomenon that results from reduction of
estrogen production in women at an age range of 45 to 55 years [91]. It is often associated with various
uncomfortable physical and psychological symptoms. Therefore, menopausal women may receive
hormone therapy to alleviate discomfort and lower their risk for various serious diseases such as
osteoporosis and cardiovascular disorders. However, hormone therapy is associated with increased
risk of cancer [92,93]. Several natural alternatives (including RJ) have been under investigation as
safer alternatives. Animal studies document that consumption of RJ by ovariectomized rats improved
bone strength [94] and prevented bone loss in a fashion similar to the effect of 17β-estradiol [95].
Cell culture models revealed that the role of RJ in bone formation is due to upregulation of procollagen
I α1 gene expression [96,97], enhancement of intestinal calcium absorption, and increased bone
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calcium content [95]. Human studies lend further support to this evidence; pRJ at a dose of
800 mg/day significantly decreased lower back pain in healthy menopausal women [93]. Likewise,
daily consumption of 150 mg of RJ for three months exerted cardioprotective effects by improving lipid
profile of postmenopausal women [92].

The healthspan-inducing effects of RJ in humans are not only limited to enhancement of
physical health but also include improvement of general mental health [74], reduction of anxiety
symptoms [93], improvement of mood, and mild cognitive impairment in the elderly (>60 years
old) [98,99]. The psychological and neurological effects of RJ reflect improvement of biomarkers of
physical health such as cholesterol [98]. Hypercholesterolemia, in particular, is documented to foster
aggregation of β-amyloid around neurons, which causes neuronal loss—a characteristic feature of
Alzheimer’s disease. Meanwhile, the reduction of plasma lipids induced by RJ has been associated
with enhancement of antioxidative capacities, reduction of β-amyloid deposition, and prevention of
neuronal damage [100].

5. Healthspan and Longevity Enhancing Mechanisms

It is now evident that RJ contains compounds (MRJPs, royalactin, amino acids, 10-HDA,
pantothenic acid, Ach) that can modulate major mechanisms of aging. However, the exact mechanism
through which RJ may extend lifespan is not well-understood. The mechanisms through which RJ
extend lifespan can differ even within single species (Table 1). Several facets through which RJ can
function have been proposed (Figure 3).
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Figure 3. Probable mechanisms through which royal jelly (RJ) and its components extend lifespan. RJ
reduces insulin/insulin-like growth factor-1 signaling (IIS), which heightens the activity of DAF-16—the
C. elegans counterpart to the mammalian Forkhead Box O transcription factor (FOXO). Activation of
DAF-16/FOXO promotes its translocation from the cytoplasm to the nucleus and fosters interactions
with its associated transcriptional co-regulator proteins: host cell factor (HCF-1), sirtuin homologue
(SIR-2.1), and FTT-2 (a 14-3-3 protein). This results in formation of protein complex inside cells
and enhancement of the expression of multiple longevity promoting genes as well as regulation of
downstream process of dietary restriction signaling (which lowers food-intake) and the mechanistic
target of rapamycin (mTOR) pathway by extending the lifespan of the control unc-24/+mutants. The
interplay among several genes involved in IIS, mTOR, and dietary restriction signaling boosts key
longevity-related cellular processes: DNA repair, autophagy, antioxidant activity, anti-inflammatory
activity, stress resistance, and cell proliferation. On the other hand, RJ activates epidermal growth factor
receptor (EGFR) signaling mainly by activating its receptor (LET-23). EGFR functions via downstream
phospholipase C-γplc-3 and inositol-3-phosphate receptor itr-1 to upregulate elongation factors and
chaperonins, which increase protein translation and proteasome activity—a mechanism that entails
rebuilding cellular components; enhancement of cellular detoxification, ribosomal function, and muscle
maintenance; and reduction of lipofuscin levels (age-pigments that accumulate during senescence).

5.1. Insulin-Signaling/insulin like Growth Factor-1 Signaling

The role of lowered insulin signaling/insulin-like growth factor-1 pathway (IIS) in longevity is
well documented [101,102]. Findings from studies of C. elegans show that IIS does not only contribute
to prolonged of lifespan, but it also promotes healthspan by resisting different types of stress [102].
The underlying mechanisms include improvement of insulin sensitivity and decrease of insulin levels,
suppression of inflammation, reduction of adipose tissue, and increase of adiponectin levels [103].
The lifespan-expanding effect of RJ is associated with an interplay of several genes—expressed in
some studies mainly by extending the lifespan of the insulin-like receptor daf-2 mutants. daf-2
demonstrates a life-expanding effect by regulating the downstream process of dietary restriction
signaling (which lowers food-intake) as well as TOR signaling by extending the lifespan of the control
unc-24/+mutants [66]. Given that daf-2 is a key upstream component of IIS, downregulation of daf-2
stimulates a signaling cascade that leads to phosphorylation and fine tuning of the main downstream
transcription factors of IIS known to promote lifespan: DAF-16—the C. elegans counterpart to the
mammalian Forkhead Box O transcription factor (FOXO), heat shock transcription factor 1 (HSF-1),
and SKN-1/NRF2 [66,67,104]. Among all these pathways, RJ exerted its effect by targeting the activity of
DAF-16/FOXO, which is a key longevity factor in various species ranging from worms to humans [52,67].
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The interactions between DAF-16 and its associated transcriptional coregulator proteins—host cell
factor (HCF-1), sirtuin homologue (SIR-2.1), and FTT-2 (a 14-3-3 protein)—lead to formation of a
protein complex inside cells [67]. Moreover, activation of DAF-16 promotes its translocation from
the cytoplasm to the nucleus, where it stimulates the expression of multiple genes, which regulate
processes that promote longevity: DNA repair, autophagy, antioxidant activity, anti-inflammatory
activity, stress resistance, and cell proliferation [10,104]. Aging is associated with increased aggregation
and insolubility of various RNA granule proteins (e.g., stress granule proteins). Reduction of daf-2
receptor signaling heightens DAF-16 activity, which can efficiently extend lifespan in C. elegans by
preventing the buildup of misfolded proteins that seed the aggregation of insoluble stress granule
proteins [105].

5.2. The Mechanistic Target of Rapamycin Signaling

The mechanistic target of rapamycin (mTOR) pathway is another signaling cascade that contributes
to RJ enhancement of lifespan extension [17,39,66]. The underlying mechanism involves suppression
of mTOR gene expression by MRJPs and freeze-dried RJ [17,39]. The nutrient sensor mTOR is a
serine/threonine protein kinase that comes in two structurally and functionally distinct forms: TOR
Complex 1 (TORC1) and TORC2. Mammalian TORC1 (mTORC1)—not TORC2—plays a major role
in aging. mTORC1 comprises three components, the catalytic subunit mammalian TOR (mTOR),
regulatory-associated protein of target of rapamycin (RAPTOR), and mammalian lethal SEC13 protein
8 (mLST8) [106,107]. Evidence denotes that inhibition of mTORC1 with rapamycin extends lifespan
up to the double in model organisms [4]. mTORC1 signaling is regulated by endocrine signaling,
especially growth factors and IGF-1, as well as nutrients e.g., amino acids, lipids, and glucose,
in addition to cellular energy and oxygen levels [107,108]. In this respect, 10-HDA supplementation to
C. elegans extended the lifespan of the control unc-24/+mutants but did not extend the lifespan of the
long-lived heterozygous mutants in daf-15, which encode RAPTOR [66]. The anti-aging activity of the
protein kinase mTOR originates from its ability to function both in a cell autonomous manner and a
non-cell autonomous manner to regulate growth, protein translation, ribosomal biogenesis, autophagy,
and cellular metabolism in response to both environmental and hormonal signals [106,108]. It is
thought that mTORC1 inhibition restores cellular physiological integrity, and hence delays age-related
pathologies. In details, mTORC1 promotes translation initiation of mRNAs of metabolism-related
genes and ribosomal-related proteins via phosphorylation of two main ribosomal proteins: S6K1 and
S6K2. Thus, mTORC1 inhibition is associated with enhanced endogenous protein degradation as well
as less aggregation of proteotoxic and oxidative stress wastes, which in turn preserve homeostasis
in the face of oxidative damage. Autophagy genes play a major role in these processes [4,109].
For a detailed description of mechanisms through which mTOR functions, we refer readers to these
reviews [4,107,108].

5.3. Dietary Restriction Signaling

Dietary restriction is another mechanism that promotes longevity in various species. It involves
prolonged reduction of intake of most dietary elements except vitamins and minerals (without
getting into malnutrition)—it is equivalent to voluntary intermittent fasting in humans, which is
reported to prevent numerous debilitating disorders such as abdominal obesity, diabetes, hypertension,
and cardiovascular diseases [10]. Recent reviews point out that dietary restriction in humans
exhibits similar effects to model organisms in terms of body composition, circulating lipoprotein,
inflammatory and metabolite profiles, energy expenditure, and oxidative stress [110,111]. C. elegans
eat-2 mutant is considered a model of dietary restriction; its acetylcholine receptor mutation hinders
pharyngeal pumping and limits intake of nutrients [109]. The main lipid of RJ, 10-HDA, which
exhibited a lifespan-extending effect did not extend the lifespan of the eat-2 mutants in C. elegans,
which denotes that feeding impairment-related dietary restriction signaling was involved in the
lifespan extending mechanism. However, progeny production was not delayed in 10-HDA-treated
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worms—unlike dietary-restricted worms—which indicated that the lifespan-extending effect of
10-HDA was related to the downstream process of the dietary restriction signaling [66]. Indeed,
the longevity effect of eat-2 mutant is mediated by compensatory changes of several energy sensing
effectors: dietary restriction downregulates IIS, which activates FOXO, whereas the energy sensor for
cellular AMP/ATP ratio known as AMPK gets activated to stimulate catabolic reactions for energy
gain by phosphorylating DAF-16/FOXO. It also downregulates AKT/mTOR through PHA-4/FOXA
transcription factor and S6K (in a DAF-16/FOXO-independent manner), and stimulates the expression
of autophagy genes—unc-51/ULK1, bec-1/Beclin1, vps-34, atg-18, and atg-7—which inhibit general
protein translation and simultaneously stimulate the translation of specific mRNAs involved in cellular
homeostasis [5,10,109]. In addition, dietary restriction causes activation of NRF2 transcription factor,
which suppresses inflammation and counteracts oxidative damage [112].

5.4. Epidermal Growth Factor Signaling

RJ, royalactin in particular, extended lifespan of various species by activating the epidermal
growth factor receptor (EGFR) signaling. As shown in Table 1, RJ activation of EGFR signaling involves
upregulation of S6K and MAPK, which results in enhanced locomotor activity and antioxidant capacity;
increased 20E titre, which stimulates growth (increased body size); and increased juvenile titre, which
increased fertility—all are effects that indicate healthspan. Royalactin might interact with LIN-3 to
promote the binding of the ligand to the extracellular domain of the EGFR, which stimulate EGF
signaling [68]. Still, the exact mechanism through which RJ affects EGFR to promote longevity is not
clear. However, it has been recently reported that, royalactin-related EGFR signaling induces longevity
in C. elegans via upregulation of elongation factors and chaperonins, which increase protein translation
and proteasome activity—a mechanism that entails rebuilding cellular components and enhancement
of cellular detoxification, ribosomal function, and muscle maintenance—rather than stabilizing the
existing proteome [113]. Furthermore, activation of MAPK—which is stimulated by EGF—increases
the lifespan of daf-2 mutants and thus controls the expression of pathogen response genes (C-type
lectins, ShK toxins, and CUB-like genes); such increased resistance to pathogens increases lifespan in
C. elegans [114]. EGF pathway functions in a manner that is independent of the insulin/IGF-like pathway
i.e., activation of its receptor (LET-23) is necessary for its action [68]. In addition, it is not affected by
deficiency of the DAF-16/FOXO transcription factor and it exerts more effects when daf-2/InR activity
is inhibited [115]. Moreover, royalactin is thought to affect regulators of EGF signaling—such as
high performance in advanced age genes (HPA-1 and HPA-2)—to stimulate the release of LIN-3 [68].
In fact, HPA-1 and HPA-2 genes negatively regulate EGF signaling by binding and sequestering EGF.
While HPA-1 is thought to contribute to longevity, HPA-2 is reported to induce healthspan benefits in
C. elegans by encoding secreted proteins similar in sequence to extracellular domains of insulin receptor.
EGF signaling functions via downstream phospholipase C-γplc-3 and inositol-3-phosphate receptor
itr-1 to promote healthy aging associated with low lipofuscin levels (age pigments that accumulate
during senescence), enhance physical performance, and extend lifespan [115,116]. EGFR-mediated
antiaging effects seem to be evolutionally conserved from worms to humans. In humans, a recent study
tested single-nucleotide polymorphisms (SNPs) in EGFR for association with longevity. Comparison
of genotype frequencies of 41 EGFR SNPs between 440 American males of Japanese ancestry aged ≥95
years and 374 men of average lifespan (whites and Koreans) revealed a significant association with
longevity for seven SNPs in EGFR—evidence that genetic variation in EGFR contributes to lifespan
extension in Japanese people [101].

5.5. Oxidative Stress

According to the free radical theory of aging, aging is the result of accumulation of molecular
damages that are induced by reactions of free radicals and reactive species that inevitably form
during the course of metabolism, which cause errors in cellular processes that are conducive to
various age-related disorders [117]. This notion is supported by findings from bee queen studies.
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Despite the fact that bee queens live longer compared with worker bees, queens enjoy youthful and
vigorous cellular functioning. This is attributed to the peroxidation-resistant cell membrane and
the lower expression of oxidative stress genes [118,119]. The latter has been attributed, at least in
part, to the effect of queen food consumption on microbiota composition and microbiota-derived
metabolites, whereas gut microbiota of the short-lived workers—that feast on honey or pollens—is
aging i.e., deficient in bacteria that produce metabolites that prevent the expression of oxidative stress
genes such as lactobacillus and bifidobacterium [119]. Hence, another possible contributor to the
longevity effect of RJ is its enhancement of antioxidation capacity and resistance to oxidative stress,
which foster scavenging of free radicals as well as phosphorylation and retention of DAF-16/FOXO
in the cytoplasm, through the involvement of 3-phosphoinositide-dependent kinase-1. As noted
above, RJ supplementation to C. elegans increased their resistance to various types of stress [66,67].
Similarly, RJ supplementation to Drosophila at low concentrations regulated the gene expression
related to oxidative stress and catabolism [16]. In particular, MRJPs fostered the gene expression of
CuZn-SOD, which was reflected by increased activity of the antioxidant SOD and decreased levels
of MDA [12]. Similarly, RJ supplementation to mice decreased kidney DNA and serum levels of
8-hydroxy-2-deoxyguanosine, an age-related marker of oxidative stress [2].

6. Discussion

Aging is characterized by progressive functional decline and increased vulnerability to various
pathologies, which result from long-term alterations of numerous physiological processes [4]. Therefore,
apart from prolonging life, it is necessary to find intelligent anti-aging agents that target age-related
genetic pathways and biochemical processes in order to prevent or delay the detrimental effect of
age-related physiological changes. Despite the slight discrepancy across studies examined in this
review—possibly out of differences in model organisms and experimental designs—the findings
indicate that consumption of an appropriate dose of RJ and its ingredients exerts proliferative effects
that promote health, increase stress resistance, and prolong lifespan in numerous diverse species.
RJ seems to have a potent effect on the functioning of various healthspan and longevity pathways:
IIS, mTOR, EGFR, oxidative stress, and dietary restriction eat-2. It might be necessary to further
examine the effect of RJ on mechanisms related to microbiota since microbiota composition can interact
with pathways of oxidative stress to exert longevity effects [119]. It is also necessary to examine the
possibility that such mechanisms may be applicable to humans.

Though several animal models demonstrate extended lifespan as a result of RJ treatment, it is not
clear which constituents of RJ are responsible for the longevity effect. MRJPs and royalactin appear to
be probable candidates [41,68]. Yet, longevity effects were obtained in many studies that did not include
MRJPs, which signifies that other ingredients also enhance health and prolong lifespan. It seems that
pRJ [51,67], as well as certain RJ constituents such as RJP60 [15]; lipids e.g., 10-HDA [66]; and vitamins
e.g., pantothenic acid [54] exhibit healthspan and lifespan-extending activities greater than crude RJ.

For RJ to exert an anti-aging effect, it should be regularly used for long periods of time. Therefore,
safety of prolonged use of RJ represents another issue of concern. Bee products such as RJ, honey, pollen,
and propolis have long been used as multifunctional substances with various biological activities.
Despite the limited possibility of occurrence of allergic reactions, most bee products are relatively
nontoxic e.g., high doses of propolis (1400 mg/kg/day) in mice had no effect level [120], whereas oral
consumption of RJ in high doses (20 g) in humans produced no adverse effects [86]. Nonetheless, most
of the observed positive anti-aging effects of RJ in model organisms were dose-dependent—extremely
high doses were associated with unfavorable outcomes in some studies. Yet, with the exception of
one study that supplemented bee larvae with RJ 100% [60], the definition of “a high dose” varied
between studies and outcomes also varied: no effect [52], increased fertility [60] and survival [64],
increased developmental time, and decreased survival [16]. Apart from variation of the studied
organisms, as well as nutrient contents of culture media used for in vitro breeding [16,25,41] (which
may, in part, explain the discrepancy noticed between these studies), very few attempts were made
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to explore mechanisms underlying the occurrence of adverse effects when high doses of RJ are used.
In this respect, unphysiological exposure of Drosophila to high levels of RJ (up to 70%) prolonged
development time and shortened lifespan because excess nutrients in high concentrations of RJ altered
the expression of genes responsible for the metabolism of amino acids and encoding of glutathione S
transferases, which detoxify xenobiotic compounds resulting in distortion of cellular processes [16].
Furthermore, evidence documents that uncontrollably high intake of antioxidants (e.g., vitamin C,
vitamin E, N-acetyl cysteine) disturbs the redox balance between processes of oxidation and reduction
and induces reductive stress—a shift of body redox levels into an extra reduced state, which may cause
severe alterations of cellular functions and lead to pathologies in the same way as oxidative stress [121].
Therefore, adverse effects associated with high doses of RJ may be the result of reductive stress induced
by antioxidants in RJ (e.g., phenols, amino acids, peptides, fatty acids, and vitamins). Accordingly, from
a cost-effectiveness-oriented point of view, determining an optimal RJ dose would be an important
issue in future studies. On the other hand, accumulation of neonicotinoid insecticides and their
metabolites in the body and products of honey bees as a result of environmental pollution is associated
with occurrence of adverse effects in bees such as oral toxicity, especially during winter—when
bee consumption of honey and pollen increases [122]. Nonetheless, several reports indicate that
compared with pollen and honey [123,124], RJ contamination with neonicotinoids is very limited (1 to
9.5 μg/kg) [125,126], equivalent to 0.016% of the original concentrations of pesticide fed to bee workers
during in vitro breeding [125]. Therefore, RJ maybe considered a safe an anti-aging agent compared
with other bee products such as bee pollen.

Preserving the biological activity of RJ is a prerequisite for its use to efficiently promote health.
RJ seems to be sensitive to temperature and other methods of handling, which may affect its ingredients
and potency e.g., RJ lost most of its bioactive components after 30 days of storage at 40 ◦C [41] and pRJ
had a better effect than crude RJ [52]. Further, the effect of commercial RJ was suboptimal compared
with RJ from reliable sources [16]. Another concern is the effect of digestive enzymes on bioactive
ingredients of RJ when it is orally ingested. For instance, MRJPs prevent senescence of human cells
in vitro [39]; however, MRJPs are rapidly digested in the stomach and small intestine except for MRJP2,
which can remain in the intestine as a full-length protein for 40 min and it should be resorbed quickly
were it to produce any biological effect [127].

Genetic variation is another challenge if we are to identify candidates for pathology prevention in
humans. RJ as a dietary supplement may prevent some of the main age-related diseases. However,
various types of genetic variation may affect response to RJ treatment. Taking gender as an example,
RJ increased the body size of females only in some species such as silkworms [65]—an effect of
increased levels of fertility hormones [17,41]. In humans, women live longer than men, yet they have
higher genetic risk for some age-related diseases (e.g., Alzheimer’s disease) than men, which indicates
the possibility for gender-specific treatment targets [128]. Other types of genetic variation are also
important; for instance, RJ affects the EGFR pathway, which has been shown to be associated with
prolonged lifespan in Japanese—but not in whites or Koreans—which highlights a role of ethnic
difference in genotype and epigenotype [101]. Other factors, such as other genetic variation factors, diet,
and activity level (which affects healthspan and longevity) should be considered in future clinical trials.

7. Conclusions

Accumulating evidence from studies of honey bees, fruit flies, crickets, silkworms, mice,
and humans indicates that RJ has an obvious role in modulating the mechanisms of aging, which can
promote healthspan and longevity. Although most studies relate the anti-aging properties of RJ to
MRJPs and 10-HDA, it is not exactly clear which fractions or doses are most beneficial. The discovery
of predictive biomarkers that take into account individual variation in genotype and epigenotype is
necessary in order to conduct sound clinical trials that can test the efficacy of RJ on the rate of biological
aging as well as the risk of age-related diseases.
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Abbreviations

4E-BP1 Binding protein
10-HDA 10-hydroxydecanoic acid
10H2DA 10-hydroxy-2-decenoic acid
Ach Acetylcholine
ATF4 Activating transcription factor-4
ADP Adenosine diphosphate
AMP Adenosine monophosphate
ATP Adenosine triphosphate
EGFR Epidermal growth factor receptor
eIF4E Eukaryotic translation initiation factor
eNOs Endothelial nitric oxide synthase
ERK Extracellular signal-regulated kinase
ERs Estrogen receptors
FDRJ Freeze-dried RJ
FOXO Forkhead box O
HCF-1 Host cell factor-1
HPO-DAEE 4-Hydroperoxy-2-decenoic acid ethyl ester
IGFs Insulin-like growth factors
IIS Insulin/IGF-1 signaling
InR Insulin receptor
MAPK Mitogen-activated protein kinase
MDA Malonaldehayde
MMPs Matrix metalloproteinases
MRJPs Major royal jelly proteins
mTOR Mechanistic target of rapamycin
NRF2 Nuclear factor erythroid 2
pRJ Protease-treated RJ
pRJ-Fr.5 pRJ-Fraction 5
RA Rheumatoid arthritis
RAPTOR Regulatory-associated protein of target of rapamycin
RJ Royal jelly
ROS Reactive oxygen species
S6K Ribosomal proteins S6 kinase
SA Sebacic acid
SIR-2.1 Sirtuin homologue-2.1
SNPs Single-nucleotide polymorphisms
SOD Superoxide dismutase
TNF Tumor necrosis factor
TRP Tyrosinase-related protein
w/w Weight/weight
WJ Worker jelly
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Abstract: Meniere’s disease (MD) represents a clinical syndrome characterized by episodes of
spontaneous vertigo, associated with fluctuating, low to medium frequencies sensorineural hearing
loss (SNHL), tinnitus, and aural fullness affecting one or both ears. To date, the cause of MD
remains substantially unknown, despite increasing evidence suggesting that oxidative stress and
neuroinflammation may be central to the development of endolymphatic hydrops and consequent
otholitic degeneration and displacement in the reuniting duct, thus originating the otolithic crisis
from vestibular otolithic organs utricle or saccule. As a starting point to withstand pathological
consequences, cellular pathways conferring protection against oxidative stress, such as vitagenes, are
also induced, but at a level not sufficient to prevent full neuroprotection, which can be reinforced
by exogenous nutritional approaches. One emerging strategy is supplementation with mushrooms.
Mushroom preparations, used in traditional medicine for thousands of years, are endowed with
various biological actions, including antioxidant, immunostimulatory, hepatoprotective, anticancer,
as well as antiviral effects. For example, therapeutic polysaccharopeptides obtained from Coriolus
versicolor are commercially well established. In this study, we examined the hypothesis that neurotoxic
insult represents a critical primary mediator operating in MD pathogenesis, reflected by quantitative
increases of markers of oxidative stress and cellular stress response in the peripheral blood of MD
patients. We evaluated systemic oxidative stress and cellular stress response in MD patients in
the absence and in the presence of treatment with a biomass preparation from Coriolus. Systemic
oxidative stress was estimated by measuring, in plasma, protein carbonyls, hydroxynonenals (HNE),
and ultraweak luminescence, as well as by lipidomics analysis of active biolipids, such as lipoxin
A4 and F2-isoprostanes, whereas in lymphocytes we determined heat shock proteins 70 (Hsp72),
heme oxygenase-1 (HO-1), thioredoxin (Trx), and γ-GC liase to evaluate the systemic cellular stress
response. Increased levels of carbonyls, HNE, luminescence, and F2-isoprostanes were found in MD
patients with respect to the MD plus Coriolus-treated group. This was paralleled by a significant
(p < 0.01) induction, after Coriolus treatment, of vitagenes such as HO-1, Hsp70, Trx, sirtuin-1,
and γ-GC liase in lymphocyte and by a significant (p < 0.05) increase in the plasma ratio-reduced
glutathione (GSH) vs. oxidized glutathione (GSSG). In conclusion, patients affected by MD are
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under conditions of systemic oxidative stress, and the induction of vitagenes after mushroom
supplementation indicates a maintained response to counteract intracellular pro-oxidant status.
The present study also highlights the importance of investigating MD as a convenient model of
cochlear neurodegenerative disease. Thus, searching innovative and more potent inducers of the
vitagene system can allow the development of pharmacological strategies capable of enhancing the
intrinsic reserve of vulnerable neurons, such as ganglion cells to maximize antidegenerative stress
responses and thus providing neuroprotection.

Keywords: redoxomics; glutathione; meniere’s disease; neurodegenerative diseases

1. Introduction

Prosper Meniere more than 150 ago first described the disease named after him, and to date,
although many studies have tried to describe the etiology of Meniere’s disease (MD), it still represents
a matter of scientific debate. [1]. Among the theories considered to explain its pathophysiology,
endolymphatic hydrops with disturbed longitudinal endolymph flow is considered central to MD
pathology [2], widely recognized as primary cause leading to cochlear degeneration [3]. Anatomical
variation in the position or size of sac and duct in the endolymphatic system, and the presence of
viral, autoimmune inflammatory or genetic components are all possible contributory factors to the
endolymph homeostasis [4]. Recent studies indicate a pattern of similarity between MD and benign
paroxysmal positional vertigo, including age of onset, raising the conceivable possibility that detached
saccular otoconia, an event which could be promoted by metabolic disturbances associated with
oxidative stress, might represent the fundamental cause of MD [5]. As an hydropic ear pathology, MD is
characterized by a triad of symptoms, such as episodic vertigo and tinnitus associated with fluctuating
hearing loss, and endolymphatic hydrops, as found on post-mortem examination [2]. However
emerging evidence has given rise to the conceivable possibility that MD is a systemic oxidant disorder,
where excessive production of free radicals and oxidative stress promote microvascular damage,
which is involved in the development of endolymphatic hydrops. Consequently, cellular damage
and apoptotic cell death-induced cochleovestibular dysfunction ensues with significant reductions in
dendritic innervation densities, and ultrastructural abnormalities reflecting the primary neurotoxic
insult [6,7].

While reactive oxygen species at a physiological level play an important role in cellular signaling,
excess in free-radical species or oxidative stress due to decreased expression and activity of antioxidant
proteins becomes a toxic cause of accelerated aging [8–10]. Thus, the cellular capacity to counteract
stressful conditions, known as cellular stress response, requires the activation of pro-survival pathways
endowed with increased antioxidant, anti-inflammatory, and antiapoptotic potential [11–13].

Consistent with this notion, integrated survival responses exist in the central and peripheral
nervous system, which are controlled by redox-dependent genes, termed vitagenes [14,15].
These include gene coding for proteins that actively operate in detecting and controlling diverse forms
of stress and neuronal injuries, such as heat shock proteins (Hsps), γ-GC liase, thioredoxin, sirtuins,
and Lipoxin A4 [16]. As a metabolic product of arachidonic acid, LXA4 is an endogenous “stop signal”
for inflammatory processes, exhibiting its potent anti-inflammatory potential in various inflammatory
disorders, such as arthritis, periodontitis, nephritis, or inflammatory bowel disease [17,18]. Chronic
inflammation is known to be central to the progression of Alzheimer’s disease (AD), although
identification of mechanisms capable of restoring an anti-inflammatory environment compromised
in AD pathology remains an area of active investigation [19,20]. Treatment with the pro-resolving
mediator aspirin-triggered lipoxin A4 (ATL) resulted in improved cognition, reduced Aβ levels, and
enhanced microglia phagocytic activity in Tg2576 transgenic AD mice [21]. Furthermore, LXA4 levels
are reduced with age, a pattern significantly more impacted in 3xTg-AD mice [22]. Moreover, in
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3xTg-AD mice, up-regulation of lipoxin A4 was induced by aspirin-enhanced cognitive performance
while reducing Aβ and phosphorylated-tau (p-tau) levels, an effect associated with astrocyte and
microglia reactivity [18]. LXA4 action is mediated by LXA4 receptor (ALX) on the cellular membrane,
which is known as formyl-peptide receptor-like 1 (FPRL1) [23], and activation of LXA4 signaling can
well serve as a robust therapeutic target for mitigating AD-related inflammation and consequential
cognitive dysfunction.

Vitagene cellular stress response confers a cytoprotective state not only during aging but also in
a variety of human diseases, including cancer, inflammation, and neurodegenerative disorders [24].
Given the broad cytoprotective potential of vitagenes there is now increasing interest in discovering and
developing pharmacological agents able to induce stress responses [25]. When appropriately activated,
cellular stress response restores redox equilibrium by activating antioxidant and anti-inflammatory
pathways, which is of particular importance for brain cells with relatively weak endogenous antioxidant
defenses, such as spiral ganglion neurons, centrally involved in the pathogenesis of MD and a
preferential site for accumulation of lipoperoxidative hydroxynonenals and protein oxidation carbonyls
product, which can disrupt redox homeostasis [26].

Mushrooms, which have been used in traditional medicine for thousands of years [27,28], are
emerging as an important nutritional component in the diet capable of modulating the immunity
system and inflammatory status. In Asian countries, for instance, modern clinical practice continues to
rely on mushroom-derived preparations. According to this, many controlled studies have investigated
a long list of mushroom extracts, showing various immunomodulatory biological actions, associated
with antioxidant, antiviral, anticancer, and hepatoprotective activities [29,30]. As a result, many
traditionally employed mushrooms, including extracts of Agaricus campestris, Pleurotus ostreatus and
Coriolus versicolor have shown medicinal effects [31]. In particular, the active principle from Coriolus
versicolor represents a new class of elements termed biological response modifiers (BRM) [32], which
characterize several agents capable of stimulating the immune system, therefore exhibiting various
therapeutic effects. Consistent with the neuroinflammatory pathogenesis of neurodegenerative damage
occurring in AD, a recent study from our laboratory has provided convincing experimental evidence
into the neuroprotective role of Coriolus biomass preparation against the neuroinflammatory process,
evaluating also the impact of this nutritional intervention on cellular stress response mechanism
operating in the central nervous system [33,34].

In the present study we examined the hypothesis that neurotoxic insult represents a critical
primary mediator operating in MD pathogenesis, reflected by quantitative increases of markers of
oxidative stress and cellular stress response in the peripheral blood of MD patients. We also explore
the hypothesis that changes in lipidomics, as well as redox glutathione status associated with increased
expression of neuroprotective vitagenes induced through supplementation with mushrooms biomass
preparation from Mycology Research Laboratories Ltd., Luton, UK, Coriolus v. can provide a novel
target for innovative therapeutic approaches aimed at minimizing oxidative stress, neuroinflammation,
and neurodegeneration occurring not only in MD, but also in major neurodegenerative disorders such
as AD or Parkinson’s disease.

2. Results

2.1. Auditory Function Analysis

Profile of Mood States (POMS) analysis (Table 1) revealed in Group A subjects, the group
treated with mushroom preparation, a significant improvement of subjective parameters related to the
psycho-emotional status of the patients, as compared to untreated MD patients (Group B), where we
did not observe particular changes. Table 2 shows homogeneity between the two groups regarding the
number of crises, their duration, and the frequency of symptoms. Notably, data in Table 3 illustrates
the Tinnitus Handicap Inventory (THI) questionnaire, performed to define the clinical grading of
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tinnitus severity, showing a statistically significant improvement in the group of patients receiving
Coriolus mushroom biomass treatment, as compared to the untreated group.

Table 1. Profile of Mood States (POMS).

Pre-Therapy (T0) Post-Therapy (T1)

Score Score

Group A B A B

Anger (0–48) 28 29 22 29

Confusion (0–28) 17 17 10 16

Depression (0–60) 41 39 25 37

Fatigue (0–28) 16 19 10 19

Tension (0–36) 31 29 13 28

Vigor (0–32) 19 17 19 16

Total Mood Disturbance (−32 to 200) 114 ± 9.8 116 ± 8.6 61 ± 6.11 113 ± 8.1

Table 2. Crisis frequency.

T0 Group A Group B

Vertigo Attack Frequency

<2 crisis/year 4 (18.1%) 3 (16.6%)

From 3 to 5 crisis/year 10 (45.4%) 8 (44.4%)

From 6 to 8 crisis/year 8 (36.3%) 7 (38.8%)

Crisis Duration

<1 h 4 (18.1%) 4 (22.2%)

From 1 to 7 h 12 (54.5%) 9 (50%)

>24 h 6 (27.2%) 5 (27.7%)

Duration of Symptoms

A few days 15 (68.1%) 11 (61.1%)

Some weeks 6 (27.2%) 6 (33.3%)

A month 1 (4.5%) 1 (5.5%)

Table 3. Tinnitus Handicap Inventory (THI).

Tinnitus Handicap Inventory

Pre-Therapy Score (T0) Post-Therapy Score (T1)

Group A Group B Group A Group B

74 ± 2.46 78 ± 2.73 52 ± 1.73 * 74 ± 2.65

* significantly different vs. control untreated MD patients (p < 0.05).

To document SNHL, we performed in all subjects, at the initial (T0) phase, tonal audiometry
analysis (Figure 1). For both experimental groups, the tonal interest was centered on medium-high
frequencies, with an average intensity of 55 dB loss. All subjects in the group A reported in the T1
phase, after treatment, significant changes, both in the frequency range, and in the average loss in dB,
as compared to the initial T0 phase. Similarly, speech audiometry analysis revealed in the same subjects
receiving mushrooms a significant improvement of intellection threshold, i.e., the ability of verbal
discrimination, with respect to the initial T0 phase, where the threshold of intellection and perception
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that is 100% of the given words was assumed to be 75 db. In contrast to the Coriolus biomass-treated
group, in patients of Group B, however, we did not detect any significant change compared to
thresholds measured at T0 initial phase. This finding was consistent with impedenzometric measures
at examination, which revealed in all subjects either at T0 initial phase or at the T1 phase, an average
increase in the threshold of stapedial reflexes and the positivity of the Metz test, indicative of cochlear
suffering, with no significant differences between the two groups.

Figure 1. Tonal audiometry analysis. Tonal interest was centered on medium–high frequencies, with
an average intensity of 55 dB loss. All subjects reported in both T0 (B) and T1 (A) phases no significant
changes, either in the frequency range, or in the average loss in dB. Speech audiometry analysis,
revealed in subjects of group A, who received mushrooms, a significant improvement of intellection
threshold, i.e., the ability of verbal discrimination, respect to the initial T0 phase, where the threshold
of intellection and perception that is 100% of the given words, was assumed to be 75 db.

2.2. Redoxomics

Modulation of Hsp72, HO-1, Thioredoxin, Sirtuins and γ-GC Liase, in MD Patients after Coriolus
Mushroom Supplementation

Oxidative stress plays a role in the pathogenesis of a wide variety of pathological states [35–37].
ROS can oxidize membrane lipids generating lipid hydroperoxides and many aldehydes such as
HNE, luminescent by-products, and isoprostanes. HNE can accumulate in cells in relatively high
concentrations and cause cell toxicity. Recent studies have also shown that in response to environmental
changes and other stressful conditions promoting proteotoxicity [38–40], cells adaptively activate
synthesis and accumulation of several members of stress proteins, primarily Hsp70 and HO-1.
As reported in Figures 2 and 3, mushroom supplementation with Coriolus biomass preparation resulted
in up-regulation of the inducible isoforms of both Hsp70 and heme oxygenase-1 (HO-1), in lymphocytes
(Figures 2a and 3a), a finding observed also in plasma, (Figures 2b and 3b), as compared to untreated
group of MD patients. A representative Western blot obtained probing tissue samples with an antibody
specific for the inducible isoform of heat shock proteins 70 (Hsp72) or Heme oxygenase are shown
in Figure 2c,d and Figure 3c,d, respectively. Western blot analysis of the Thioredoxin protein also
revealed a significant increase in the group of patients treated with Coriolus compared to control group,
in lymphocyte and plasma (Figure 4a,b). A representative blot of thioredoxin protein is reported in
Figure 4c,d. Similar results were also obtained analyzing sirtuin-1 expression. As shown in Figure 5a,
Sirtuin-1 immunoreactivity was higher in lymphocytes of a group of MD patients treated for 2 months
with Coriolus than in the untreated MD group. Consistent with this, plasma sirtuin-1 levels were
higher in MD patients supplemented with mushrooms, as compared to the MD group of patients
alone (Figure 5b). Representative blots of sirtuin-1 protein are reported in Figure 5c,d, respectively.
Another important redoxomic component of vitagene network is γ-GC liase, the rate-limiting enzyme
for intracellular glutathione (GSH) synthesis. Notably, GSH concentration and γ-GC liase activity are
declining with age in the central nervous system (CNS), a condition associated with increased oxidative
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stress [41]. Here we report that lymphocyte γ-GC liase levels were higher in MD patients supplemented
with mushrooms as compared to the MD group of patients alone (Figure 6a). A representative blot of
γ-GC protein is reported in Figure 6b.

Figure 2. Heat shock protein 70 levels in lymphocytes and in plasma from MD patients. Samples from
MD patients were assayed for heat shock protein 70 (Hsp70) by western blot as described in Materials
and Methods. A representative immunoblot is shown in (c,d). β-actin has been used as loading control.
The bar graphs (a,b) show the densitometric evaluation and values are expressed as mean ± SEM of
independent analyses on 22 patients (MD plus Coriolus biomass) and, respectively, on 18 patients (MD
alone), per group. * p < 0.05 vs. MD alone. D.U., densitometric units.

Figure 3. Heme oxygenase-1 levels in lymphocytes and in plasma from MD patients. Samples from
MD patients were assayed for heme oxygenase-1 (HO-1) by western blot as described in Materials
and Methods. A representative immunoblot is shown. β-actin has been used as loading control (c,d).
The bar graph shows the densitometric evaluation (a,b) and values are expressed as mean ± SEM of
independent analyses on 22 patients (MD plus Coriolus biomass) and, respectively, on 18 patients (MD
alone), per group. * p < 0.05 vs. MD alone. D.U., densitometric units.
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Figure 4. Thioredoxin levels in lymphocytes and in plasma from MD patients. Lymphocyte samples
(a) and plasma samples (b) from MD patients were assayed for thioredoxin (Trx) by western blot as
described in Materials and Methods. A representative immunoblot is shown (c,d). β-actin has been
used as loading control. * p < 0.05 vs. MD alone. D.U., densitometric units.

Figure 5. Levels of sirtuin-1 in lymphocytes (a) and plasma (b) from MD patients. Samples from
MD patients were assayed for sirtuin-1 by Western blot as described in Materials and Methods.
Representative immunoblots are shown in the same figure (c,d). β-actin has been used as loading
control. The bar graph shows the densitometric evaluation and values are expressed as mean ± SEM of
independent analyses on 22 patients (MD plus Coriolus biomass) and, respectively, on 18 patients (MD
alone), per group. * p < 0.05 vs. MD alone. D.U., densitometric units.
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Figure 6. γ-GC liase levels in lymphocytes from MD patients. Plasma samples from MD patients
were assayed for γ-GC liase by western blot as described in Materials and Methods. A representative
immunoblot is shown (b). β-actin has been used as loading control. The bar graph shows the
densitometric evaluation and values are expressed as mean ± SEM of independent analyses on 22
patients (MD plus Coriolus biomass) and, respectively, on 18 patients (MD alone), per group (a).
* p < 0.05 vs. MD alone. D.U., densitometric units.

2.3. Assessment of Systemic Oxidative Status

Protein and lipid oxidation occurring because of oxidative stress in tissues and organs leads to the
formation of carbonyl groups in amino acid residues [41] and, respectively, to 4-hydroxynonenal (HNE)
formation from arachidonic acid or other unsaturated fatty acids [42]. As a hallmark for oxidative
damage to proteins by free-radical attack, protein carbonylation, by binding via Michael addition to
proteins, particularly at cysteine, hystidine, or lysine residues [36], exerts deleterious effects on cell
function and viability, being generally unrepairable and leading to production of potentially harmful
protein aggregates and to cellular dysfunction. Under conditions of oxidative stress, protein oxidation
products measured as protein carbonyls, as well as lipid oxidation products, measured by HNE or
ultraweak luminescence, accumulate [6,29,30]. Examination of plasma protein carbonyls (Figure 7a)
and HNE (Figure 7b), as well as plasma or lymphocyte ultraweak luminescence levels (Figure 7c)
revealed a significant elevation in MD patients respect to Coriolus-treated group of MD patients.
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Figure 7. Protein carbonyls, 4-hydroxy-2-nonenals and Spontaneous ultraweak chemiluminescence
(UCL) levels in MD patients. Plasma samples from MD patients (a,b) were assayed for protein carbonyls
(DNPH) and 4-hydroxy-2-nonenals (HNE) by Western blot as described in Materials and Methods.
Values are expressed as mean ± SEM of independent analyses on 22 patients (MD plus Coriolus biomass)
and, respectively, on 18 patients (MD alone), per group. * p < 0.05 vs. MD alone. D.U., densitometric
units. UCL in plasma and lymphocytes of control healthy volunteers and Meniere Diseased (MD)
patients, in the absence and presence of Coriolus biomass treatment is shown in (c). UCL was measured
as described in methods. CTRL: control; MD: Meniere disease patients. (*) p < 0.05 vs. control;
(**) p < 0.05 vs. MD alone.

2.4. Lipidomics Analysis

Oxidation of polyunsaturated fatty acid arachidonic, eicosapentaenoic, docosahexaenoic, linoleic,
and dihomo-γ-linolenic generate bioactive lipids. The development of mass spectrometry platforms
enabling quantification of diverse lipid species in human urine is of crucial importance to understand
metabolic redox homeostasis in normal as well as pathophysiological conditions. Here we
demonstrate clearly how administration of Coriolus to MD patients increases significantly the powerful
anti-inflammatory eicosanoid LXA4 in plasma and lymphocytes as compared to untreated MD patients
(Figure 8a,b). The same results were observed in urine, where a large increase in LXA4 was measured
after Coriolus supplementation (Figure 8c). Consistently, analysis of urine levels of pro-inflammatory
eicosanoids 11-dehydro TXB2, isoprostane PGF2α, and isoprostane iPF2α-VI showed the opposite
results with significantly higher levels of these bioactive lipids in MD subjects than the levels found in
Coriolus administered MD patients (Figure 9a–c).
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Figure 8. Lipidomic analysis of bioactive lipids. Biolipids are synthesized by oxidation of
polyunsaturated fatty acids, arachidonic acid, eicosapentaenoic acid, docosahexaenoic acid, linoleic
acid, and dihomo-γ-linolenic acid. The development of enabling mass spectrometry platforms for the
quantification of diverse lipid species in human urine is of paramount importance for understanding
metabolic redox homeostasis in normal and pathophysiological conditions. Anti-inflammatory
eicosanoid LXA4 were measured in plasma, lymphocytes (a,b) and in urine (c), as compared to
untreated MD patients.

Figure 9. Cont.
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Figure 9. Lipidomic analysis of bioactive lipids. Analysis of urinay pro-inflammatory eicosanoids,
11-dehydro TXB2, isoprostane PGF2α, isoprostane iPF2α-VI, showing opposite results with significant
higher levels of these bioactive lipids in MD subjects than the levels found in Coriolus administered MD
patients are reported in (a–c).

Consistent with other findings showing that oxidative stress and altered thiol status in degenerating
brain diseases correlates with systemic redox imbalance and oxidative stress, as in AD [31–34], the
content of total GSH, reduced and oxidized glutathione and the GSH/GSSG ratio, was determined in
the plasma of MD patients as a measure of the antioxidant status and compared with the levels of
Coriolus-treated MD group (Table 4). We report the plasma from MD patients contained significantly
lower levels of GSH as compared to Coriolus-supplemented patients, which paralleled to corresponding
significantly higher GSSG levels (p < 0.05) (Table 4). These changes resulted in a plasma GSH/GSSG
ratio which was significantly higher in the group of MD plus Coriolus subjects then the ratio found in
the MD group alone (Table 4).
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Table 4. Plasma and lymphocyte content of total, reduced (GSH) and oxidized (GSSG) glutathione in
control and MD patients treated with Coriolus.

Plasma
(nmol/mL)

Lymphocyte
(nmol/mg Protein)

Control MD
MD +

Coriolus
Control MD

MD +
Coriolus

Total GSH 16.7 ± 2.1 8.33 ± 3.0 * 14.23 ± 2.4 ** 9.81 ± 0.8 5.3 ± 0.7 * 7.3 ± 0.5 **

GSH 15.62 ± 2.0 8.44 ± 1.7 * 13.44 ± 1.7 ** 9.58 ± 0.6 4.27 ± 0.4 * 7.20 ± 0.5 **

GSSG 0.138 ± 0.01 0.169 ± 0.01 * 0.146 ± 0.01 ** 0.093 ± 0.01 0.118 ± 0.01 ** 0.096 ± 0.006 **

Ratio
GSH/GSSG

113.2 ± 11 56.9 ± 15* 92.05 ± 13 ** 96.5 ± 10 42.6 ± 7.9 * 75.0 ± 9.6 **

* Significantly different from control (p < 0.05). ** Significantly different from MD alone (p < 0.05).

3. Discussion

MD is a chronic illness derived from combined neurodegenerative events occurring at level of
spiral ganglion as well as hair cells of the inner ear, associated with a negative impact on the quality
of life of individuals, presenting various symptoms, such as temporary hearing loss, dizziness, and
tinnitus [7].

After its initial description by Prosper Meniere more than 150 years ago, the disease named after
him is still at the center of scientific debate [1]. MD is a hydropic ear pathology, where episodic vertigo,
tinnitus, and fluctuating hearing loss coexist with endolymphatic hydrops. [3]. Recent evidence
indicates the involvement of oxidative stress in the development of endolymphatic hydrops associated
with neuronal ganglion damage with apoptotic neuronal cell death as a prominent factor contributing
to SNHL found in the later stages of MD [2]. Thus, it is conceivable that MD, as a systemic oxidant
disorder [5], can be also considered, owing to its demonstrated neurodegenerative nature of the
neuronal cochlear ganglion component, involved in its pathogenesis, a pursuable investigative model
of neurodegeneration. Consistent with this possibility, the present study was undertaken to explore the
hypothesis that changes in the redox status of glutathione, stress-responsive vitagenes, and lipidomics,
the major determinants in the disruption of redox homeostasis affecting spiral ganglion neurons, may
be positively impacted by nutritional intervention with Coriolus-MRL biomass supplementation.

Mushrooms have been present in traditional medicine for thousands of years, and are
reportedly endowed with immunomodulatory actions, associated with antioxidant, anticancer,
antiviral, bacteriostatic, and hepatoprotective properties [43]. Mushroom-derived therapeutics,
mainly polysaccharopeptides isolated from Coriolus versicolor, are well characterized and commercially
available. Here we tested the hypothesis that neurotoxicity is an important causative factor involved
in MD pathogenesis, which can be evaluated by measuring markers of oxidative stress and cellular
stress response proteins in the peripheral blood of patients with MD. We evaluated in the present study
systemic oxidative stress and cellular stress response in 40 patients suffering from MD in the absence
and in the presence of treatment with mushroom biomass preparation from Coriolus. Systemic oxidative
stress was estimated in plasma and urines of patients with MD or MD plus Coriolus, by measuring
protein carbonyls, HNE, and ultraweak luminescence, as well as active biolipids such as lipoxin A4
and F2- isoprostanes, whereas in the lymphocyte heat shock proteins (HSP) heme oxygenase-1 (HO-1),
Hsp70 and thioredoxin (Trx) levels were measured to evaluate the systemic cellular stress response.
Increased levels of DNPH, HNE, ultraweak luminescence, and F2-isoprostanes were found in all the
samples from MD patients with respect to the MD plus Coriolus-treated group. This was paralleled by
a significant induction of lymphocyte HO-1, Hsp70, TrxR-1 as well as Sirtuin-1 and by a significant
increase in the plasma ratio-reduced glutathione GSH) vs. oxidized glutathione (GSSG).

It is suggested that genetic factors may contribute partly to the etiologies of MD, as
some associations have been reported for polymorphisms related to gene coding for protein
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involved in inflammation, circulation, and blood vessels, such as interleukin 1A (–889C/T),
interleukin 6–572C/G), protein kinase C beta type (1425G/A), matrix metalloproteinase-1 (–1607G/2G),
methylenetetrahydrofolate reductase (MTHFR) (C677T), prothrombin (G20210A), and complement
factor H [44–51], and genes involved in free-radical processes. Although the initial causative factors
triggering the disease have not been clarified, various genes and variants have been confirmed to be
related to MD, which also suggests a specific family of genetic predisposition and implies genetic
factors as key players in the initiation and progression of MD [52]. Consistent with this scenario,
inflammation and oxidative stress-induced endolymphatic hydrops have been identified as a secondary
pathogenesis of the disease [53]. Thus, MD etiology and pathogenesis appears to be an aberrant
response of the adaptive or innate immune system, ultimately mediated by pro-inflammatory and
oxidative processes underlying its physiopathological determinism [54]. Several mechanisms are
involved in the development of immune-mediated inner-ear pathology, including (a) similarity with
potentially harmful component of virus or bacteria, such as cross-reactive epitope inducing inner-ear
damage; and (b) generation of pro-inflammatory Interleukin 1 β (IL-1B) or Tumor necrosis factor α
(TNF) cytokines and transcriptional nuclear factor kB (NF-kB) [55]. Toll-like receptor coding genes,
including TLR3, TLR7, TLR8, and TLR10, are widely reported to contribute to the disease, being
directly related to the initiation and progression of MD, thus implying a specific role for the immune
system during the pathological processes [56]. This is confirmed by recent findings highlighting the
relationships between increased serum levels of IL6 and IL1 with vertigo, a specific complication
of MD.

To survive different types of injuries and adapt to environmental changes, neuronal cells have
evolved networks of responses capable of detecting and controlling different forms of stress [26–62].
As such, integrated survival mechanisms exist in the brain based on the activity of redox-dependent
genes, called vitagenes, capable of sensing stress and including HSP (Hsps), thioredoxin, γ-GC ligase,
and sirtuin family proteins, which together with bioactive lipids represent the last step in the “omic”
cascade starting from genome, through transcriptome, proteome, and finally to metabolome. Lipid
mediators as signaling factors play a fundamental role in the initiation, amplification, and resolution
of inflammation [33,34]. Thus, use of urine sample for lipidomic analysis enables reproducible
quantification of several lipid metabolites generated by lipoxygenase, cyclooxygenase, and cytochrome
P450 activities, such as octadecanoids, eicosanoids, and docosanoids. Lipidomic analysis of urine
reveals quantitative data that reflects the alterations in in eicosanoids levels seen in MD patients as
compared to normal controls. Lipoxin A4, in particular, is a metabolic product of arachidonic acid,
acting as an endogenous “breaking signal” towards inflammatory processes, actively operating in the
detection and control of diverse forms of stress in the brain. Owing to its potent anti-inflammatory
properties LXA4 positively influences the outcome in many inflammatory disorders, such as nephritis,
periodontitis, arthritis, and inflammatory bowel disease [63,64]. Chronic inflammation sustains the
progression of neurodegenerative pathologies, including AD and Parkinson’s disease, but also in
specific neuronal districts, as in the cochleovestibular apparatus and the spiral ganglion neural cells.
Thus, identification of mechanisms capable of favorably impacting the pro-inflammatory environment
generated in the MD pathology represents an area of active investigation. Consistent with this notion,
the activation of the LXA4 pathway could therefore serve as a potential therapeutic target to treat
MD-associated inflammation and cochleovestibular dysfunction. As LXA4 action is mediated by
LXA4 receptor (ALX), a formyl-peptide receptor-like 1 (FPRL1) present on cellular membrane [33],
the discovery of agents with the potential of increasing Lipoxin A4 (LXA4), and consequently of
reducing inflammatory-mediated endolymphatic hydrops, can be relevant to therapeutics of this
disease. Eicosanoid lipoxin A4 (LXA4) decreases toxic compounds such as ROS, inhibits recruitment
of activated neutrophils and blocks accumulation of pro-inflammatory cytokines, thereby promoting
resolution of inflammation [65].

Our results obtained with a nutritional approach based on a Coriolus versicolor biomass
supplementation are relevant to innovative therapeutic anti-inflammatory strategies aimed to minimize
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consequences associated with neurodegeneration and oxidative stress of cochleovestibular system
pathologies including not only MD but also sudden sensorineural hear loss (SSNHL) where it has
recently demonstrated a critical role played by NLRP3 inflammasome [41]. NLRP3 is a sensor
of the intracellular innate immune response expressed in immune cells, including monocytes and
macrophages. Activation of the NLRP3 inflammasome results in augmentation of IL-1β secretion and
cochlear autoinflammation. [66,67].

Due to different biological routes of actions, ranging from anticancer, antiviral, bacteriostatic,
and regulation of of immune function, as well as antioxidant and protectant of hepatocytes [29,68],
relevant to the inflammatory disease pathogenesis, mushrooms in the past have been diffusely applied
for therapeutic use in traditional medicine [27,28]. It has been shown, in fact, that cytokine response
triggered by activated immune cells occurs after stimulation with immunostimulatory molecules
derived from mushroom preparations, which are mainlyβ-glucans [30,57,69–71]. Despite this, however,
the active ingredients are not fully characterized, which makes mushroom extracts very difficult to
reconcile with current pharmaceutical practices involving highly purified compounds and, therefore,
difficult to patent, as they are complex mixtures of molecules of unknown concentrations to be
administered for therapeutic purposes. In addition, mushroom-derived polysaccharides are complex
molecules that cannot be synthesized, as the mass production of these compounds would require timely
and costly extraction processes. Consequently, most research efforts have focused on low molecular
weight compounds, such as cordycepin [72], which is a cytotoxic nucleoside analog inhibitor of cell
proliferation. However, polysaccharopeptides isolated from Coriolus versicolor are well characterized
and their commercial diffusion well established. In addition to its medical applications, Coriolus
versicolor is widely used to degrade organic pollutants such as pentachlorophenol (PCP) [73]. Notably,
as previously mentioned, several studies have demonstrated significant ultrastructural reductions in
dendritic innervation densities, at level of cochlear ganglion neurons, pointing the possibility that
neurotoxicity plays an important role in the pathology of MD [6]. Interestingly, a recent study in
mice has found that Coriolus versicolor biomass promotes significant increases in dendritic length
and branching and total dendritic volume of immature neurons, suggesting a positive effect of oral
Coriolus versicolor administration on hippocampal neurogenic reserve [74]. Taking all this into account
and given the inflammatory pathogenesis of MD degenerative damage, our findings of reduction in
oxidative stress and inflammatory mediators associated with increased anti-inflammatory metabolites
in mushroom-treated patients has innovative therapeutic potential.

Moreover, increasing evidence suggests that alteration of redox status, overloading of peroxidative
product hydroxynonenals (HNE) or protein carbonyls can severely alter redox homeostasis [1]. Thus, the
ensuing oxidative stress is a primary causative factor underlying endolymphatic hydrops pathogenesis,
associated with cellular degenerative damage and apoptotic cell death affecting vulnerable cells of
cochleovestibular apparatus, and thus contributing to the SNHL and vestibular dysfunction found in
later stages of MD.

Moreover, it is known that normal auditory function depends on maintenance of the unique
ion composition in the endolymph. Hence, reduction of microvascular alterations due to decreased
oxidative stress in the inner ear after mushroom treatment has relevant implications [34]. Our data
on the modulation of the stress-responsive protein involved in stress tolerance and cell survival are
relevant as a potential target of mushrooms therapeutics and nutritional redox approaches, as the ability
of neurons to cope with stressful conditions relies upon the capability to activate stress-responsive
pro-survival pathways that normally function at a very low level and that result generally in increased
synthesis of antioxidant and anti-apoptotic molecules. Among the cellular pathways conferring
protection against oxidative stress, a key role is played by vitagenes, which include HSP (Hsps) Hsp70,
heme oxygenase-1, and small Hsps, together with thioredoxin, enzymes of Meister cycle for the
synthesis of glutathione and sirtuins [10,24]. Given the broad cytoprotective properties of the heat
shock response there is now emerging interest in developing pharmacological agents able to potentiate
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neuroprotective stress responses [26]. When appropriately activated, cellular stress response can
restore redox equilibrium and neuronal homeostasis.

4. Materials and Methods

4.1. Chemicals

5,5’-Dithiobis-(2-nitrobenzoic acid) (DTNB), 1,1,3,3-tetraethoxypropane, purified bovine blood
SOD, NADH, glutathione (GSH), glutathione disulfide (GSSG), nicotinamide adenine dinucleotide
phosphate (β-NADPH, type 1, tetrasodium salt), and glutathione reductase (GR; Type II from Baker’s
Yeast), were from Sigma Chemicals Co, St. Louis (USA). All other chemicals were from Merck
(Darmstadt, Germany) and of the highest grade available.

4.2. Coriolus Versicolor Biomass Preparation

Coriolus versicolor is found almost worldwide; however, its bioactivity varies depending on the
habitat in which it grows. To eliminate these variations, established CV-OH1 strain was used which
demonstrates rapid and aggressive colonization. According to the manufacturer procedure (Mycology
Research Laboratories Ltd., Luton, UK) Coriolus versicolor containing both mycelium and primordia
(young fruit body) biomass, obtained cultivating the biomass that is grown on a sterilized (autoclaved)
substrate. The production process involves the inoculation of sterile organic edible grain with spawn
from the mother culture. The fungus is allowed to completely colonize the growth medium aseptically.
At the correct stage of development, corresponding to the maximum bioavailability the living biomass is
aseptically air-dried, granulated, tested microbiologically, and reduced in powder for tablet preparation.
In comparison to Coriolus extracts, biomass has the advantage of preserving all nutraceutical potential
which is usually reduced with extracts or concentrates, including lyophilization, and thus the activity
of the product corresponds with the source mushroom, while being further intensified by using the
entire mycelium. Tablets of 500 mg each of the Coriolus biomass containing mycelium and primordia
of the respective mushroom, kindly provided by Mycology Research Laboratories Ltd. (MRL, Luton,
UK), as the product commercially available, were used for experiments. Optimal dosage (200 mg/kg)
was chosen according to the dose used in clinical trials with cancer or Human papilloma virus (HPV)
patients (3 g/day) [57], a regimen also confirmed by studies in rat [33].

4.3. Ethical Permission

The study was approved by the local Ethics Committee (prot. N. 76/2018/PO, 16 April 2018) and
informed consent was obtained from all patients.

4.4. Patients

We enrolled 40 patients (22 males and 18 females, with an average age of 49.5 +/− 14.6 years; range
29–60 years) with MD according to the diagnostic scale of the Committee on Hearing and Equilibrium of
the American Academy of Otolaryngology—Head and Neck Surgery published in 1995 for MD [13,58]
(two or more definitive spontaneous episodes of vertigo 20 min or longer, audiometrically documented
hearing loss on at least one occasion, tinnitus or aural fullness in the treated ear). Patients were divided
into two groups, A and B. Group A consisted of 22 patients suffering from cochlear sensorineural
hearing loss (SNHL) that was been subjected to treatment with biomass preparation from Coriolus
versicolor mushroom (MRLs), administered orally in tablets of 500 mg (3 tablets every 12 h, morning
and evening, for 2 consecutive months), while Group B, formed of 18 patients, also suffering from
cochlear SNHL, was not subjected to any treatment. Constituted exclusion criteria: (i) older than
60 years; (ii) presence of cardiovascular diseases; (iii) presence of metabolic disorders and/or parts; (iv)
the presence of external ear pathologies and/or medium; (v) presence of alterations of state-acoustic
nerve; (vi) prior learning and/or recent treatment with antioxidant drugs or otherwise active in the
compartment cochlear.
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All patients, after targeted anamnestic investigation, underwent the T0 initial phase, where
the Profile of Mood States (POMS) questionnaire was administered, to assess the emotional
and degree of psychological stress status, indexed on the basis of specific elements, such as:
Tension–Anxiety (TA), Depression–Discouragement (D), Anger–Hostility (AH), Vigor–Activity (V),
Fatigue (F), Confusion–Loss (C), in relation to the impairment caused in each subject from hearing
impairment. The POMS original scale contains 65 self-report items using the 5-point Likert Scale.
Participants can choose from 0 (not at all) to 4 (extremely). In addition, all subjects were given a
tinnitus questionnaire consisting of 40 multiple choice questions to define the impact of symptoms on
the patient life. In the groups the grade of severity for each patient was established on the basis of the
vertigo attack frequency over a year (from 2 to 8 crisis), the intensity and the duration of symptoms
(from a few days, to some weeks, to a month in the most severe case). In addition, the hearing loss
degree was assessed instrumentally, allowing staging of the disease in MD patients.

Enrolled patients were also examined to define the qualitative and quantitative characteristics
of auditory function: (a) examination ENT; (b) test tone audiometry; (c) speech audiometry; (d)
impedenzometry examination. Such instrumental examinations were aimed at defining not only the
extent of hearing, but also the location of the SNHL, to define it whether cochlear or retrocochlear.
Each patient, either in Group A or Group B, was subjected to blood and urine sampling for biochemical
analysis in plasma and lymphocytes, and in urines of specific markers of cellular oxidative stress, lipid
and protein oxidative metabolism, cellular stress response (vitagenes), glutathione status (reduced
glutathione (GSH), oxidized glutathione (GSSG), and GSH/GSSG ratio and lipoxin A4. Phase T1
in Group A, the mushroom-treated group of patients, was accomplished by oral administration of
MRL Coriolus versicolor biomass compound for 2 consecutive months, to assess its neuroprotective,
anti-neuroinflammatory potential, and thus test the possible protection against the cellular degeneration
in general and, particularly, in the inner ear. At 2 months from the beginning of treatment (T1 phase)
we evaluated in all patients the degree of evolutive trend of auditory function as well as cellular
oxidative stresses, redox status, cellular stress response, and Lipoxin A4, in the blood. The correlative
analysis, aimed at highlighting the antioxidant properties of the compound administered and its effects
at the cellular level as well as at the clinical level, audiological function, will define a neurobiological
clinical model to assess the effectiveness of pharmacological compounds in counteracting oxidative
stress and neuroinflammatory damage associated with MD.

4.5. Sampling

Blood (6 mL) was collected after an overnight fast by venopuncture from an antecubital vein
into tubes containing ethylenediamine tetraacetic acid (EDTA) as anticoagulant. Immediately after
sampling, two blood aliquots were separated: first 2 mL were centrifuged at 10.000× g for 1 min at
4 ◦C to separate plasma from red blood cells; the remaining aliquot (4 mL) was used for lymphocytes
purification. All samples were stored at −80 ◦C until analysis.

4.6. Lymphocytes Purification

Lymphocytes from peripheral blood were purified by using the Ficoll Paque System following the
procedure as suggested by the manufacturer (GE Healthcare, Piscataway, NJ, USA).

4.7. Western Blot Analysis

Plasma samples were processed as such, while the isolated lymphocyte pellet was homogenized
and centrifuged at 10,000× g for 10 min. The supernatant was then used for analysis after determination
of protein content. Proteins extracted for each sample, at equal concentration (50 μg), were boiled
for 3 min in sample buffer (containing 40 mM Tris-HCl pH 7.4, 2.5% SDS, 5% 2-mercaptoethanol,
5% glycerol, 0.025 mg/mL of bromophenol blue) and then separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were transferred onto nitrocellulose membrane
(BIO-RAD Hercules, CA, USA) in transfer buffer containing 0.05% of SDS, 25 mM di Tris, 192 mM
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glycine and 20% v/v methanol. The transfer of the proteins on the nitrocellulose membrane was
confirmed by staining with Ponceau Red which was then removed by 3 washes in PBS (phosphate
buffered saline) for 5 min/each. Membranes were then incubated for 1 h at room temperature in 20 mM
Tris pH 7.4, 150 mM NaCl and Tween 20 (TBS-T) containing 2% milk powder and incubated with
appropriate primary antibodies, namely anti-γ-GC liase anti-Hsp70, anti-HO-1, anti-Sirt-1, anti-Trx
and anti-HNE polyclonal antibody (Santa Cruz Biotech. Inc.), overnight at 4 ◦C in TBS-T. The same
membrane was incubated with a goat polyclonal antibody anti-beta-actin (SC 1615 Santa Cruz Biotech.
Inc., CA, USA, dilution 1:1000) to verify that the concentration of protein loaded in the gel was the
same in each sample. The excess of unbound antibodies was removed by 3 washes with TBS-T for
5 min. After incubation with primary antibody, the membranes were washed 3 times for 5 min in TBS-T
and then incubated for 1 h at room temperature with the secondary polyclonal antibody conjugated
with horseradish peroxidase (dilution 1:500). The membranes were then washed 3 times with TBS-T
for 5 min. Finally, the membranes were incubated for 3 min with SuperSignal chemiluminescence
detection system kit (Cod 34080 Pierce Chemical Co, Rockford, USA) to display the specific protein
bands for each antibody. The immunoreactive bands were quantified by capturing the luminescence
signal emitted from the membranes with the Gel Logic 2200 PRO (Bioscience) and analyzed with
Molecular Imaging software for the complete analysis of regions of interest for measuring expression
ratios. The molecular weight of proteins analyzed was determined using a standard curve prepared
with protein molecular weight.

4.8. Glutathione and Glutathione Disulfide Assay

GSH and GSSG were measured by the NADPH-dependent GSSG reductase method as previously
reported in Calabrese et al. 2010. Lymphocytes were homogenized on ice for 10 s in 100 mM potassium
phosphate, pH 7.5, which contained 12 mM disodium EDTA. For total glutathione, an aliquots (0.1 mL)
of homogenates were immediately added to 0.1 mL of a cold solution containing 10 mM DTNB and
5 mM EDTA in 100 mM potassium phosphate, pH 7.5. The samples were then mixed by tilting and
centrifuged at 12,000× g for 2 min at 4 ◦C. An aliquot (50 μL) of the supernatant was added to a cuvette
containing 0.5 U of GSSG reductase in 100 mM potassium phosphate and 5 mM EDTA, pH 7.5 (buffer
1). After 1 min of equilibration, the reaction was initiated with 220 nmol of NADPH in buffer 1 for a
final reaction volume of 1 mL. The formation of a GSH-DTNB conjugate was then measured at 412 nm.
The reference cuvette contained equal concentrations of DTNB, NADPH, and enzyme, but not sample.
For assay of GSSG, aliquots (0.5 mL) of homogenate were immediately added to 0.5 mL of a solution
containing 10 mM N-ethylmaleimide (NEM) and 5 mM EDTA in 100 mM potassium phosphate, pH 7.5.
The sample was mixed by tilting and centrifuged at 12,000× g for 2 min at 4 ◦C. An aliquot (500 μL) of
the supernatant was passed at one drop/s through a SEP-PAK C18 Column (Waters, Framingham, MA)
that had been washed with methanol followed by water. The column was then washed with 1 mL of
buffer 1. Aliquots (865 μL) of the combined eluates were added to a cuvette with 250 nmol of DTNB
and 0.5 U of GSSG reductase. The assay then proceeded as in the measurement of total GSH. GSH
and GSSG standards in the ranges between 0 to 10 nmol and 0.010 to 10 nmol, respectively, added to
control samples were used to obtain the relative standard curves, and the results were expressed in
nmol of GSH or GSSG, respectively, per mL or mg protein.

4.9. Spontaneous Ultraweak Chemiluminescence Assay

Measurement of chemiluminescence in blood samples was accomplished according to the
method of Flecha et al. 1991 [59]. Briefly, aliquots (0.5 mL) of plasma were diluted 1:1 with 30 mM
phosphate buffer (pH 7.4), whereas lymphocyte pellet was homogenized and centrifuged at 10,000× g
for 10 min. Before aliquots (0.5 mL) of the supernatant were taken and diluted 1:1 with 30 mM
phosphate buffer (pH 7.4) at 0–4 ◦C and centrifuged at 10,000 g for 3 min at 0–4 ◦C. Then spontaneous
ultraweak chemiluminescence (UCL) was measured in the supernatant at 30 ◦C with a Turner TD
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20/20 luminometer. The sensitivity was adjusted to 50%, and results were expressed as luminescence
units/mg protein.

4.10. Lipidomic Analysis

For oxylipins determination plasma and urine samples were extracted essentially as described by
Wolfer et al. 2015 [60]. Briefly plasma samples were prepared by transferring 100 μL to the preparation
plate after thawing and brief vortexing. A volume of 20 μL of IS working solution and 30 μL of 2%
formic acid solution in water were added, and the plate was capped and gently mixed. The SPE plate
was conditioned using 200 μL of MeOH and the sorbent equilibrated with 200 μL of H2O. Samples
were transferred from the preparation plate to the SPE, the preparation plate was further washed with
50 μL of MeOH/H2O 1:1, and the rinsing solution will be added to the SPE plate. Following aspiration,
the SPE plate will washed with 200 μL of H2O + 2% NH4OH and 200 μL of H2O/ACN 1:1. Oxylipins
will be eluted with 4 × 25 μL of MeOH + 2% formic acid. The elution fraction was evaporated under N2

and the residues reconstituted in 120 μL of MeOH/H2O. Urine samples were prepared by mixing 50 μL
of urine with 50 μL of MeOH and 20 μL of IS working solution following thawing and brief vortexing.

Oxylipins determination was carried out with ultrahigh performance liquid chromatography
(UHPLC) coupled with mass spectrometry (triple quadrupole, q-tof or orbitrap instrument) the
methods and conditions of ionization were chosen to achieve the best results in order of quantification
and reproducibility.

4.11. Lipoxin A4 Assay

LXA quantification was performed using an enzyme-linked immunosorbent assay (ELISA) kit
following the protocol provided by the company. Biological fluid rates were used, and the measurement
performed by a spectrophotometer at a wavelength of 450 nm.

4.12. Determination of Protein

Proteins were estimated by the bicinchoninic acid (BCA) protein assay method [61], using
bicinchoninic acid reagent.

4.13. Statistical Analysis

Results were expressed as means ± SEM of n = 18 experiments (MD alone) or n = 22 experiments
(MD plus Coriolus), each of which were performed, unless otherwise specified, in triplicate. Data were
analyzed by one-way Analysis of Variance (ANOVA), followed by inspection of all differences by
Duncan’s new multiple-range test. Differences were considered significant at p < 0.05.

5. Conclusions

Brain cells, such as spiral ganglion neurons, possessing relatively weak endogenous antioxidant
potential, show a particular need for activation of antioxidant pathways, which becomes a central
prerequisite under conditions of oxidant insults, such those underlying not only the pathogenesis of
MD but also acting in a broad range of age-associated diseases. Aging, in fact, is based on complex
mechanisms and systemic processes, whose major gap remains insufficient knowledge about the
proactive pathway shift from normal “healthy” aging to disease-associated pathological aging [75].
As a major complication of normal “healthy” aging, the increased risk of age-related diseases, such as
cancer, diabetes mellitus, cardiovascular and neurodegenerative diseases, including cochleovestibular
dysfunctions that can adversely affect the quality of life in general, with enhanced incidence of
co-morbidities and mortality, should be considered.

We evaluated systemic oxidative stress and cellular stress response in MD patients in the absence
and in the presence of treatment with a biomass preparation from Coriolus versicolor. It was concluded
that systemic oxidative stress was reduced in MD patients treated with Coriolus versicolor, which
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was paralleled by a significant induction of vitagenes and by an increased plasma GSH vs. GSSG
ratio. Vitagene up-regulation after Coriolus versicolor supplementation indicates a maintained response
to counteract intracellular pro-oxidant status. In a contextualized global “omics” approach, the
combination of redoxomics and lipidomics, being more stable than the metabolome and closer
to the phenotype than the transcriptome, represents the most promising “omics” field enabling
dissection and perhaps full comprehension at molecular and cellular level, of aging mechanisms and
age-related processes.

Approaching the redox biology of the aging inner-ear system, as exploited in the present study,
together with broadening of the potential of lipidomic analysis represents an innovative tool for
monitoring at the omic level to the extent of oxidative insult and related modifications, allowing
the identification of targeted antioxidative cytoprotective vitagene system proteins. The present
study also highlights the importance of investigating MD as a convenient model of cochlear
neurodegenerative disease.
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Abbreviations

MD Meniere’s disease
HNE 4-hydroxynonenal
HSP72 Heat Shock Proteins 70
HO-1 Heme Oxygenase-1
TRX Thioredoxin
γ-GC gamma-glutamylcysteine liase
GSH Reduced Glutathione
GSSG Oxidized Glutathione
LXA4 Lipoxin A4
AD Alzheimer’s disease
FPRL1 Formyl-Peptide Receptor-Like 1
BRM Biological Response Modifiers
TA Tension–Anxiety
D Depression–Discouragement
AH Anger–Hostility
V Vigor–Activity
F Fatigue
C Confusion–Loss
POMS Profile of Mood States
MTHFR Methylenetetrahydrofolate reductase
TLR Toll-like receptor coding genes
ROS Reactive Oxygen Species
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Abstract: All over the world, there is an increase in the overall survival of the population and the
number of elderly people. The incidence of allergic reactions is also rising worldwide. Until recently,
allergies, and in particular food allergies (FAs), was regarded as a pediatric problem, since some of
them start in early childhood and may spontaneously disappear in adulthood. It is being discovered
that, on the contrary, these problems are increasingly affecting even the elderly. Along with other
diseases that are considered characteristics of advanced age, such as cardiovascular, dysmetabolic,
autoimmune, neurodegenerative, and oncological diseases, even FAs are increasingly frequent in
the elderly. An FA is a pleiomorphic and multifactorial disease, characterized by an abnormal
immune response and an impaired gut barrier function. The elderly exhibit distinct FA phenotypes,
and diagnosis is difficult due to frequent co-morbidities and uncertainty in the interpretation of in vitro
and in vivo tests. Several factors render the elderly susceptible to FAs, including the physiological
changes of aging, a decline in gut barrier function, the skewing of adaptive immunity to a Th2
response, dysregulation of innate immune cells, and age-related changes of gut microbiota. Aging
is accompanied by a progressive remodeling of immune system functions, leading to an increased
pro-inflammatory status where type 1 cytokines are quantitatively dominant. However, serum
Immunoglobulin E (IgE) levels and T helper type 2 (Th2 cytokine production have also been found to
be increased in the elderly, suggesting that the type 2 cytokine pattern is not necessarily defective
in older age. Dysfunctional dendritic cells in the gut, defects in secretory IgA, and decreased T
regulatory function in the elderly also play important roles in FA development. We address herein
the main immunologic aspects of aging according to the presence of FAs.

Keywords: food allergy; elderly; aging; hypersensitivity; immunosenescence; gut; allergy; inflammation

1. Introduction

Food allergies (FAs) are becoming a relevant public health concern, affecting over 200 million
people worldwide and its prevalence is increasing, mainly in developed countries [1]. FAs are
characterized by a wide spectrum of manifestations affecting several organs, ranging from mild to
severe and life-threatening reactions [2,3]. The diagnosis of a food allergy is complex because different
immunologic mechanisms (IgE-mediated, cell-mediated, or mixed) may play a role. As in most
immune-mediated diseases, the variability of clinical expression, as well as its growing prevalence,
is determined by genotypic, epigenetic, and environmental factors [4–6].

FAs are much more common in children than in adults. Most FAs start in early childhood and
usually disappear in adulthood. For this reason, FAs are often considered an almost exclusively
pediatric disease. However, although its prevalence is greatest in young children, the occurrence of FA
reactions is becoming frequent in the elderly [7,8]. Most studies on epidemiology, immunopathogenesis,
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and clinical manifestations of FAs have been conducted on children or adolescents rather than in elderly
people. However, the demographic distribution of the world population is rapidly changing, with the
proportion of older people on the rise and a significant percentage of them haveallergic diseases [9,10].
Parallel to these demographic changes, we can therefore expect that FAs, already increasing in the
general population, will also increase in the elderly [11].

It is estimated that the current prevalence of allergic diseases in the elderly reaches 10% but this
data is underestimated and also destined to increase [12]. An increasing proportion of children with
a FA reaches adulthood and old age, and in some of them, the persistence of the allergic problem
occurs. Furthermore, FAs can develop in adulthood and the first symptoms can occur even in
elderly subjects [13]. However, to date, there is still not much attention given to FAs in aged people,
and symptoms related to FAs, such as vomiting, dyspepsia, diarrhea, pruritus, and skin and respiratory
manifestations, often remain undiagnosed in the elderly [14].

Besides the lack of epidemiological data, very little is known about the peculiar
immunopathogenetic aspects and the clinical presentation of FAs in old people [15].

The aim of this review is to analyze the pathophysiological mechanisms underlying food allergy
in the elderly, emphasizing the most peculiar aspects in this segment of the population, which form the
basis of possible intervention measures.

2. Immune System Remodeling in the Elderly

The genetic background controls immunity and inflammation, and influences both the aging
process and the development of allergies. Several underlying mechanisms of FAs in the elderly are
now recognized, the first of which is immunosensecence, i.e., the peculiar age-related remodeling
of the immune system. During senescence, both innate and adaptive immune reactions are deeply
changed, favoring the development of FAs [16].

In the elderly, there is an imbalance of lymphocyte sub-populations, characterized by a decrease
of naive lymphocytes with an accumulation of memory and senescent lymphocytes. Dysfunctions of
immune regulatory cells, thymus involution, hematopoietic stem cell malfunctioning, dysregulation of
apoptotic processes, a stress response, and mitochondrial function all contribute to the remodeling of
the immune system in the elderly [17]. How the balance between the Th1 and Th2 branches is influenced
by the aging process is still a controversial matter. Peripheral T cells from aged subjects are activated,
exhibiting higher HLA-DR and CD69 expressions, as well as the increased production of inflammatory
cytokines, including IL-1β, IL-6, IL-17, IL-31, and TNFα [18]. Immune responses are skewed toward
a proallergenic Th2 profile. In particular, the increased IL-4, IL-5, and other Th2 cytokine production
observed in aged subjects suggests a Th2 dominance in the elderly [19]. Such immune profile is the
main substrate of the allergic reaction [20]. Moreover, certain Th1 cytokines that are increased in the
elderly, such as IL-17, may also contribute to the progression of allergic inflammation. The age-related
derangement of the cytokine profile may therefore influence the development of FAs in the elderly [21].

Increased inflammatory cytokines and antigen-presenting cell dysfunction contribute to allergic
sensitization and inflammation in the aging. Dendritic cells, the mainstarter of the adaptive responses,
exhibit altered costimulatory molecule expression in frail elderly subjects, conditioning dysfunctional
antigen processing and presentation, which can elicit allergic responses [22].

Concerning effector cells of allergic reactions, most studies report a reduction in eosinophil
degranulation in response to IL-5 stimulation and a decreased mast cell function notwithstanding
a normal number of mast cells in the tissues [23].

A compromised T helper function and defects of the isotype switching leading to impaired
immunologic memory and lower response to vaccines have been observed in the elderly [24].
Conversely, the IgE isotype is less compromised by aging [25]. In particular, immunosenescence does
not influence IgE levels in aged patients with atopy, suggesting the persistence of allergy propensity
into advanced age [14,26].
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3. The Mucosal Immune System in Aging

Senescence affects not only the systemic immunity but also the local immune responses,
especially on the gastrointestinal mucosa. The induction of mucosal tolerance is of paramount
importance in mounting protective responses against new dietary antigens, therefore preventing
FAs [3]. The gastrointestinal tract is the largest immunologic system with a relevant amount of
lymphocytes that are both scattered and aggregated in lymphatic structures (Peyer’s patches). This gut
immune system exerts a key role in FA development, in particular in the elderly, when the thymic
function has almost disappeared [27]. Age-related changes affecting the local immune responses
contribute variously to the development of FAs. Mucosal tolerance induction is impaired in the elderly,
whereas the effector phase of the allergic reaction is substantially maintained [28]. The mechanism
of tolerance to food allergens is an active and ongoing process, and the age-related derangement of
regulatory functions mediated by interactions of specific cell types promotes allergic sensitization [29,30].
Changes responsible for the breaking of oral tolerance take place in the gut associated lymphoid tissue.
The oral tolerance is generally established in childhood and persists even over 65, unless new unknown
allergens are introduced. Usually, new dietary protein intake may induce de novo sensitization in the
elderly, whereas oral tolerance established in childhood and young age is generally maintained [31].

Inflammaging, the condition of chronic inflammation that drives senescence [32], increases the
tight junction permeability through the effects of proinflammatory cytokines [33]. The epithelial cells
in the gastrointestinal tract are themselves responsible for both the production of large amounts of
cytokines and the reduction of the proteins of the tight junctions and occludens zonula, leading to
an increased gut permeability [34]. This decreased barrier effect results in a rupture of the mechanism
of tolerance, which predisposes patients to FAs. The presence of inflammatory cytokines, such as
IFN-γ, IL-6, and IL-1β, in the gut mucosa is an important factor in this process [35].

The presence of opsonizing secretory IgA antibodies against food antigens is a central mechanism
of mucosal immunity by reducing the attachment, penetration, and invasion of antigens across
the mucosal wall. Secretory IgA supplied through breastfeeding protect newborns against harmful
antigen penetration, leading to transient tolerance/immunity against oral allergens. This mucosal
first-line defense mechanism deteriorates with age and orally induced antigen-specific IgA responses
weaken [36]. The immunosenescence itself is associated with a significant reduction in IgA levels in the
aged mucosa due to the decreased production by B cells and plasma cells [37]. The reduced IgA levels
can reflect both an impaired migration of IgA-secreting plasma cells and their numerical reduction [23].
The decreased production of hyaluronic acid and mucus in the elderly also leads to a reduction in the
mechanical protection and transport of antibacterial and defensive proteins to the mucosal surface,
including IgA. Moreover, differences in the IgA repertoire between young and old subjects have been
described, a difference that probably conditions a decreased efficacy of the IgA mediated defenses in
the elderly [38]. IgA deficiency in the elderly is related to the development of FAs and intolerances.

4. Epithelial Barrier and Digestive Function Impairment

In the elderly, the integrity of the gut epithelial barrier is compromised, contributing to the
chronic subclinical inflammatory state. Furthermore, the leaky epithelial barrier promotes Th2-immune
responses by allowing allergens to penetrate into tissues where they are processed by dendritic cells
and macrophages and presented to T cells [39]. Allergen-exposed epithelial cells produce cytokines,
including thymic stromal lymphopoietin, which drive Th2 immune responses [40]. Impaired gut
permeability therefore contributes to FA development. Derangement of the intestinal barrier integrity
associated with aging may arise after gastroenteric mucosa damage [41]. The decreased digestive
capacity of the stomach in the elderly, mainly caused by atrophic gastritis, is an additional risk factor
for FAs. Gastric atrophy is frequent in the elderly, and depends on underlying diseases, alcohol abuse,
or the chronic consumption of drugs, such as proton pump inhibitors or antacids. Long-term use
of glucocorticoids determines a variety of serious side effects, including gastrointestinal effects [42].
Chronic alcohol abuse notoriously enhances the gastric mucosa permeability, induces atrophic gastritis,
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and decreases the gastric secretory capacity [43,44]. The consequent hypoacidity prevents cleavage of
the inactive pro-enzyme pepsinogen and the activation of its protease function in the gastric lumen,
thus food proteins remain undigested and transit to the intestine. Such intact food proteins can cross the
gut mucosa and enter the blood stream, eliciting the production of IgE antibodies. After a consecutive
ingestion of the same food protein, the allergen can crosslink IgE on effector cells, namely mast cells,
and trigger the release of mediators, including histamine and leukotrienes, which are the elicitors
of local and systemic allergic reactions, whose clinical severity is also partly determined by allergen
dosage and integrity [45]. Therefore, a physiologically low gastric pH, by allowing an optimal
protein digestibility and preventing the sensitizing and eliciting capacity of the allergen, represents
an important protective factor against FAs [14].

Food allergens are mostly structurally stable proteins that usually present a greater risk of causing
systemic reactions. When digestion is compromised, labile food proteins can also persist partially
undigested along the gastrointestinal tract and become food allergens [46]. The gastric protease
propepsin is activated only for pH values below 3.0. Furthermore, only acidic chymus entering the
duodenum can induce the release of pancreatic enzymes. Thus, because of the decrease in gastric acidity
in the elderly population, protein digestion is compromised and harmless proteins are transformed
into potentially dangerous allergens [47]. The therapy with proton pump inhibitors in the elderly,
through these mechanisms, could thus facilitate the sensitization to food allergens or lower the trigger
threshold of the allergic reaction if a FA is already present [48].

Also, age-related changes in organs and systems different from the gut can exert an important
role in the development of FAs in the elderly. The skin is one of the main targets of an allergic
reaction to food, as well as an important site of primary sensitization. As a result of chronological and
environmental factors, the aged skin is characterized by atrophy and dehydration [49]. The progressive
loss of structural integrity leads to an impaired immune response and skin barrier function, increased
reactive oxygen species and extracellular matrix component, and vascular impairment [50]. Although
T-cell-mediated immunity appears decreased, elderly patients can develop contact dermatitis, as well
as sensitize themselves through the skin to food allergens [3].

5. Age-Associated Microbial Dysbiosis

In addition to the impaired function of the local immunity and increased gastrointestinal mucosa
permeability, age associated alterations of the gut microbiota may also favor FA development in
the elderly.

The gut microbiota is a complex ecological system that exerts a central role in several physiological
functions, and its composition changes throughout the host’s life. It is sensitive to environmental
influences and the host’s diet, and depends on the host’s genetics, gender, and the aging process
per se [51].

The system of the secretory IgA plays a critical role not just for the defense against infections
but also for the modulation of local immune responses through the maintenance of the intestinal
microbiota. Inflammatory processes are associated with dysregulation of the homeostatic interactions
between the intestinal microbiota and the aging host [52].

Intestinal microbiota exhibit significant age-associated changes in composition and diversity, as
well as in functional features, mainly caused by the immune system remodeling and low-grade chronic
inflammation, which respectively characterize immunosenescence and inflammaging [22].

Immunosenescence exerts a key role by modifying the host’s response to microbiota, triggering
inflammaging, and shifting Th1 versus Th2 responses, thus favoring tolerance dysruption and allergic
reaction development [52].

Antibiotics are among the most commonly used drugs in the elderly and are often used improperly.
They influence the microbiome composition and function interfering with immune homeostasis. In the
geriatric age, antibiotics can further disturb the composition of the microbiota [53,54]. However, even in
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the elderly, the intestinal flora can be reconstituted by probiotics, but it is not yet known how this can
prevent the development of FAs [55].

6. Immune Dysfunctions Due to Nutritional Deficits

Together with the peculiar remodeling of the immune system during senescence, the compromised
integrity of epithelial barriers and the sub-clinical chronic inflammatory condition commonly observed
in the elderly, a central role in sensitization to food allergens is also played by the lack of micronutrients
and vitamins [12].

Micronutrients and antioxidants modulate immune responses and it is suggested that their deficits
favor the development of Th2 type responses. For example, deficits of iron, zinc, and vitamin D, which
are very common in the elderly, may represent additional risk factors for the onset of allergic reactions
during senescence [10].

Zinc is an essential trace element that plays a central role regarding the immune efficiency.
Zinc intracellular homeostasis, regulated by metallothioneins and specific transporter proteins,
is altered in aging, leading to its decreased availability for immune functions. A reduced zinc level,
frequently observed in the elderly, could be responsible for a decreased production of Th1 cytokines,
whereas this does not affect the production of Th2 cytokines, thus inducing a cytokine imbalance that
promotes the development of allergic diseases [56].

Zinc deficiency contributes to thymic atrophy; immature B cell accumulation; and decreased IgM,
Ig-G2a, and IgA subclasses. Stress situations, through pro-inflammatory cytokine production, including
IL-6 and TNF-α, are often associated withzinc deficiency. Inflammatory cytokines, permanently
increased in the geriatric population, bind zinc ions with a consequent reduced zinc bioavailability and
altered immune functions. In particular, decreased levels of zinc induce a reduction of Th1 cytokines,
such as IFN-γ, IL-2, and TNF-α, while Th2 cytokines, in particular IL-4, are enhanced. Through this
mechanism, zinc deficiency could favor the development of FAs in the elderly [57].

Iron deficiency is also frequent in the elderly [20]. The decreased iron level induces impaired
humoral responses, and in particular reduces the production of the IgG4 subclass that physiologically
captures the allergens before they can bind to the IgE, thus preventing the activation of effector cells,
such as mastocytes and basophils [58].

Several studies suggest that vitamin D deficiency is also very common in the elderly, supporting
FA development. Immune dysregulation, in addition to an increased parathyroid hormone level and
impaired bone health resulting in enhanced risk of fractures, is a serious consequence of vitamin D
deficiency in the elderly [59,60]. The active metabolite of vitamin D, calcitriol, influences T lymphocytes
and antigen-presenting cells to induce peripheral tolerance by inhibiting inflammatory responses and
promoting regulatory T cells [61]. Vitamin D deficiency is therefore associated with an increased risk
of autoimmune and atopic diseases, although the association with IgE levels is not clear [62].

7. Clinical Features of FAs in the Elderly

The variable natural history and the complexity of the possible pathogenetic mechanisms, as well
as several age-associated factors, make the diagnosis and management of FAs in the elderly difficult.
Nutritional abnormalities and vitamin deficiencies, as well as hormonal imbalances and inflammaging,
interacting with genetics, may alter the immune responses, leading to FA development. The age-related
decline of physiological functions, in addition to the immune system remodeling, which characterizes
senescence, contribute to confer peculiar clinical findings to FA in the elderly [23,63].

Furthermore, despite the normal or increased number of mast cells in the skin of aged subjects
with an allergy and a sufficient positive response to prick tests with specific allergens, elderly show
weaker cutaneous responses and less intense pomfoid reactions to histamine control [64]. Therefore,
since the positive reactions to skin test for an allergy could be partially reduced in the elderly, creating
possible risk of false negative skin test, a specific IgE search to diagnose FA is commonly used in older
patients [65].
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Frailty, comorbidity, and multi-drug intake are conditions commonly found in the elderly and
must be taken into account in the management of aged people affected by FAs. Immunologic reactions
to foods can be confused with symptoms of other common age-related diseases or be masked by
the use of various drugs. Consequently, the characteristic symptoms of FAs often go unnoticed
and this contributes to underestimating FA prevalence in old age [7]. Dryness and hyperkeratosis,
with consequent itching and increased risk of skin infections, are dermatologic manifestations that
often mimic and/or mask the symptoms of an allergy. Cutaneous symptoms, such as atopic dermatitis
and urticaria, could also represent manifestations of FAs in the elderly [25]. However, in addition to
FAs, even drugs and systemic diseases, mainly hematologic and immune dysfunctions, can also induce
urticaria in the elderly. Underlying diseases must, therefore, always be suspected, especially when
a new diagnosis of chronic urticaria is made in an elderly person [66,67]. Although aged individuals
can respond to immunotherapy for a respiratory allergy, as well as to biological drugs commonly used
for the treatment of allergic manifestations, such as urticaria and atopic dermatitis, they are usually
excluded from these kinds of therapy [68,69]. This is due to the frequent presence of age-related clinical
conditions that are considered contraindications. Moreover, the common occurrence of comorbidities
and multidrug intake can affect the therapeutic response and promote the onset of side effects. However,
immunotherapy and biologic drugs could also significantly improve the quality of life in the elderly,
reducing symptoms and drug consumption [70].

Anaphylaxis is a severe and life-threatening hypersensitivity reaction that can affect allergic
patients at any age [45]. Clinical manifestations of anaphylaxis caused by food allergens are less
frequent in the elderly compared to young subjects [71]. However, although less common, anaphylaxis
exhibits a worst prognosis in older patients [72]. The anaphylaxis mediators released by the mast
cells after the binding of the allergen to the IgE anchored to their surface induce profound functional
modifications on the cardiocirculatory system, including vasospasms of coronary arteries with reduced
myocardial blood flow and arhythmias [10,73]. The age-related susceptibility of the cardiovascular
system to mast-cell-derived mediators and underlying comorbidities, such as coronary diseases,
contribute to the increased mortality and frequent cardiovascular involvement during anaphylaxis in
aged people [74]. In patients with multimorbidities, multidrug prescriptions are important cofactors
complicating anaphylactic events in the elderly [75]. Cardiovascular drugs, increasingly prescribed
to the elderly, strongly contribute to thegreater probability of a fatal outcome. Beta-blockers and
angiotensin-converting enzyme (ACE) inhibitors, commonly used to treat congestive heart failure and
hypertension, may in fact contribute to aggravate the impairment of compensatory mechanisms typical
of the elderly [76]. Several other drugs may interfere with allergic effector cells of FAs. Nonsteroidal
anti-inflammatory drugs, taken for chronic osteoarticular pain, are relevant cofactors in urticaria
and anaphylaxis in aged subjects [67]. Tricyclic antidepressants, monoamine oxidase inhibitor,
and neuroleptics may increase the cardiac risk of epinephrine administration. All these different drugs
could cause hypotension, accelerate and increase exposure to allergens, and mask the symptoms of
a possible allergic reaction. Although the advanced age doesnot represent an absolute contraindication
to self-injectable adrenaline prescription in those at higher risk of anaphylaxis, impaired neuro-motor
coordination, frequent hypomobility, and the common coexistence of osteo-muscular and arthrosic hand
pathologies compromise the ability to use auto-injectors, suggesting caution in this prescription [77].

The intake of antiulcer drugs is common in the elderly to cure gastritis, gastroesophageal reflux,
gastric ulcers, or in association withcorticosteroids and non-steroidal painkillers to minimize their
gastrolesive effects. Gastric hypoacidity and increased permeability of the upper gastrointestinal tract
also occur as a result of therapy with acid-suppressive drugs, facilitating the onset of an FA, as well as
eosinophilic esophagitis. Elderly patients treated with proton pump inhibitors or H2-receptor blockers
are at higher risk for sensitization because dietary proteins both remain incompletely digested and can
cross the mucosal barrier more easily due to the increased permeability, thus becoming allergenic [8,49].
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8. Conclusions

Adverse food reactions show peculiar characteristics in the elderly that concern both the
pathogenesis and the clinic. FAs in the elderly are driven by immunosenescence, as well as the
cell aging and tissue modifications that characterize advanced age. The aged gastrointestinal mucosa
is central in the development of FAs in the elderly through its compromised digestive properties and
structural changes, as well as the alteration of its immune functions linked to immunosenescence and
age-related microbiota remodeling. Among the risk factors for the sensitization to food allergens in
the elderly, in addition to chronic damage and inflammation of gut epithelia due to the aging process,
there are chronic alcohol consumption, chronic infections, multimorbility, polymedication, and drug
side effects (Figure 1).

Figure 1. Food allergies in the elderly. The figure shows the main risk factors for the development
of a food allergy in the elderly. Immunosenescence and the mucosal immune dysfunction of the
gastrointestinal tract are driving forces in the development of food allergies in the elderly. The gut
barrier function decline and the compromised digestive properties, as well as the age-related microbiota
remodeling, are also central factors for both allergen penetration and sensitization.
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Pföhler, C.; Poziomkowska-Gȩsicka, I.; Renaudin, J.M.; et al. Anaphylaxis in elderly patients: Data from the
European Anaphylaxis Registry. Front. Immunol. 2019, 10. [CrossRef] [PubMed]

144



Int. J. Mol. Sci. 2019, 20, 5580

73. Worm, M.; Francuzik, W.; Renaudin, J.M.; Bilo, M.B.; Cardona, V.; Scherer Hofmeier, K.; Köhli, A.; Bauer, A.;
Christoff, G.; Cichocka-Jarosz, E.; et al. Factors increasing the risk for a severe reaction in anaphylaxis:
An analysis of data from The European Anaphylaxis Registry. Allergy 2018, 73, 1322–1330. [CrossRef]
[PubMed]

74. Lee, S.; Hess, E.P.; Nestler, D.M.; Bellamkonda Athmaram, V.R.; Bellolio, M.F.; Decker, W.W.; Li, J.T.;
Hagan, J.B.; Manivannan, V.; Vukov, S.C.; et al. Antihypertensive medication use is associated with increased
organ system involvement and hospitalization in emergency department patients with anaphylaxis. J. Allergy
Clin. Immunol. 2013, 131, 1103–1108. [CrossRef] [PubMed]

75. González-de-Olano, D.; Lombardo, C.; González-Mancebo, E. The difficult management of anaphylaxis in
the elderly. Curr. Opin. Allergy Clin. Immunol. 2016, 16, 352–360. [CrossRef]

76. Vetrano, D.L.; Foebel, A.D.; Marengoni, A.; Brandi, V.; Collamati, A.; Heckman, G.A.; Hirdes, J.; Bernabei, R.;
Onder, G. Chronic diseases and geriatric syndromes: The different weight of comorbidity. Eur. J. Intern. Med.
2016, 27, 62–67. [CrossRef]

77. Ventura, M.T.; Scichilone, N.; Gelardi, M.; Patella, V.; Ridolo, E. Management of allergic disease in the
elderly: Key considerations, recommendations and emerging therapies. Expert Rev. Clin. Immunol. 2015, 11,
1219–1228. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

145





 International Journal of 

Molecular Sciences

Article

Loss of Dystroglycan Drives Cellular Senescence via
Defective Mitosis-Mediated Genomic Instability

Guadalupe Elizabeth Jimenez-Gutierrez 1,2,†, Ricardo Mondragon-Gonzalez 1,†,
Luz Adriana Soto-Ponce 1, Wendy Lilián Gómez-Monsiváis 1, Ian García-Aguirre 1,

Ruth Abigail Pacheco-Rivera 2, Rocío Suárez-Sánchez 3, Andrea Brancaccio 4,5,

Jonathan Javier Magaña 3,6,*, Rita C.R. Perlingeiro 7 and Bulmaro Cisneros 1,*

1 Departamento de Genética y Biología Molecular, Centro de Investigación y de Estudios Avanzados del
Instituto Politécnico Nacional, Ciudad de México 07360, Mexico; gjimenezg@cinvestav.mx (G.E.J.-G.);
rmondragon90@gmail.com (R.M.-G.); luz.ponce@cinvestav.mx (L.A.S.-P.);
wlgomez@cinvestav.mx (W.L.G.-M.); ian.garcia@cinvestav.mx (I.G.-A.)

2 Departamento de Bioquímica, Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional,
Ciudad de México 11340, Mexico; rpachecor@ipn.mx

3 Departamento de Genética, Laboratorio de Medicina Genómica, Instituto Nacional de Rehabilitación
“Luis Guillermo Ibarra Ibarra”, Ciudad de México 14389, Mexico; srossmary@gmail.com

4 School of Biochemistry, University of Bristol, Bristol BS8 1TD, UK; andrea.brancaccio@icrm.cnr.it
5 Institute of Chemical Sciences and Technologies “Giulio Natta” (SCITEC), 00168 Roma, Italy
6 Departamento de Bioingeniería, Escuela de Ingeniería y Ciencias, Instituto Tecnológico y de Estudios

Superiores de Monterrey-Campus Ciudad de México, Ciudad de México 14380, Mexico
7 Department of Medicine, Lillehei Heart Institute, University of Minnesota, Minneapolis, MN 55455, USA;

perli032@umn.edu
* Correspondence: magana.jj@tec.mx (J.J.M.); bcisnero@cinvestav.mx (B.C.)
† These authors contribute equally to this work.

Received: 28 May 2020; Accepted: 22 June 2020; Published: 14 July 2020

Abstract: Nuclear β-dystroglycan (β-DG) is involved in the maintenance of nuclear architecture and
function. Nonetheless, its relevance in defined nuclear processes remains to be determined. In this
study we generated a C2C12 cell-based DG-null model using CRISPR-Cas9 technology to provide
insights into the role of β-DG on nuclear processes. Since DG-null cells exhibited decreased levels of
lamin B1, we aimed to elucidate the contribution of DG to senescence, owing to the central role of
lamin B1 in this pathway. Remarkably, the lack of DG enables C2C12 cells to acquire senescent features,
including cell-cycle arrest, increased senescence-associated-β-galactosidase activity, heterochromatin
loss, aberrant nuclear morphology and nucleolar disruption. We demonstrated that genomic instability
is one driving cause of the senescent phenotype in DG-null cells via the activation of a DNA-damage
response associated with mitotic failure, as shown by the presence of multipolar mitotic spindles,
which in turn induced the formation of micronuclei and γH2AX foci (DNA-damage marker), telomere
shortening and p53/p21 upregulation. Altogether, these events might ultimately lead to premature
senescence, impeding the replication of the damaged genome. In summary, we present evidence
supporting a role for DG in protecting against senescence, through the maintenance of proper lamin
B1 expression/localization and proper mitotic spindle organization.

Keywords: β-Dystroglycan; cellular senescence; lamin B1; DNA-damage response; defective mitosis

1. Introduction

Dystroglycan (DG) is an integral membrane complex that connects the extracellular matrix (ECM)
with the intracellular actin-based cytoskeleton, providing structural stability to the plasma membrane
(PM) in different tissues and cell types [1–3]. DG is synthesized as a propeptide that separates into α-
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and β-DG subunits after proteolytic cleavage [2,4,5]. Both subunits remain together at the PM through
the interaction between β-DG’s extracellular domain and α-DG’s carboxy-terminal globular domain.
While α-DG is an extracellular peripheral glycoprotein that binds to various extracellular matrix
molecules, including laminin, agrin and perlecan, β-DG is a single-pass transmembrane protein that
binds through its cytoplasmic tail to dystrophin, caveolin-3 and other cytoplasmic proteins involved in
signal transduction [6–10]. Perturbation of dystroglycan processing is associated with severe congenital
disorders and cancer progression [11,12]. In addition, DG has been implicated in cellular processes such
as signal transduction and tissue morphogenesis. DG is particularly relevant in skeletal muscle tissue,
where it has been classically described to play a key role in stabilizing the sarcolemma of myofibers
during the cycles of muscle contraction and relaxation [13]. Upon injury, muscle-specific stem cells (i.e.,
satellite cells) are activated, proliferate and differentiate into myoblasts that can fuse with pre-existing
myofibers, or form new fibers, to overcome the muscle damage. Interestingly, DG is also expressed in
satellite cells, where it is essential to enable skeletal muscle regeneration [13,14]. In myoblasts, DG plays
an important role in modulating myoblast motility and migration [15]. Therefore, DG has been proven
relevant not only in myofibers, but also in myogenic precursors for proper muscle function.

Interestingly, β-DG has the ability to traffic from PM to the nucleus, using the membranous
endosome–endoplasmic reticulum network and the importin α2/β1 nuclear import pathway [16–18].
This additional cellular localization suggests potential further roles for β-DG. For instance, nuclear
β-DG has been involved in the transcriptional regulation of androgen-responsive transcription factors in
prostate cancer [19]. We previously demonstrated that β-DG assembles with the nuclear envelope (NE)
proteins emerin and lamins A/C and B1 to maintain nuclear architecture and function in myoblasts [20].
β-DG is subject to nucleocytoplasmic shuttling with an active exportin1/CRM1-mediated nuclear
export pathway [21] that together with its nuclear import serves to tightly regulate the nuclear levels
of β-DG, thereby allowing effective interactions with binding partners at the NE interface. However,
the molecular basis underlying the role of β-DG on NE-associated functions is largely unknown.
In this study, we generated DG-null mouse myoblasts (C2C12) using CRISPR-Cas9 technology to
analyze in depth the function of β-DG in the nucleus. The initial phenotype noted in DG-null cells was
the decrease in lamin B1 levels, which was accompanied by nuclear morphology defects. Therefore,
taking the evidence that lamin B1 plays a pivotal role in cellular senescence [22–25], we analyzed the
contribution of DG to this cellular process. Cellular senescence is defined as a state of permanent cell
cycle arrest that occurs in response to different damaging stimuli, including persistent DNA damage,
telomere shortening, oxidative stress and oncogenic signaling [26–28], with silencing of lamin B1
expression being an early and necessary event for senescence to be established [22–25]. We provided
evidence showing that DG plays a protective role against senescence, because the lack of DG makes
C2C12 cells to acquire senescent features. In addition, we demonstrated that senescence signaling
in DG-null cells is triggered by mitotic failure, which in turn elicits a p53-mediated DNA-damage
response to arrest the cell cycle, leading to premature senescence.

2. Results

2.1. Generation and Characterization of CRISPR/Cas9-Mediated DG-Null C2C12 Cell Clones

To analyze in depth the functional relationship of β-DG with the NE, we engineered DG knockout
cells (DG-KO) on the mouse myogenic cell line C2C12, using CRISPR/Cas9. To silence DG expression,
C2C12 cells were transfected with a vector expressing Cas9, the red fluorescence protein (RFP) and
one of two different guide RNAs (gRNA1 and gRNA2) targeting the region downstream of the
ATG translation initiation codon within the first coding exon of the mouse Dag1 gene (Figure 1A).
After positive selection for RFP and two rounds of negative selection using the IIH6 antibody, which is
specific to theαDG laminin binding domain [1,29] fluorescence-activated cell sorting (FACS) and further
clonal expansion, two different KO lines (DG-KO1 and DG-KO2) were selected (Figure 1B; see Methods
for details). DNA sequencing of the target site was performed to directly identify editing events.
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Both DG-KO clones showed indels that generate premature stop codons; thus, only polypeptides with
presumably no biological activity are synthesized from DG-KO clones (Figure 1C).

Figure 1. CRISPR/Cas9-engineered dystroglycan knockout (DG-KO) C2C12 cell clones. (A) Scheme
showing the sequences of guide RNAs (gRNA1 and gRNA2), designed to target Dag1 gene.
(B) Fluorescence-activated cell sorting (FACS) analysis on C2C12 cells, gRNA2 or none gRNA
(non-transfected cells), and stained with α-DG antibody, IIH6C4. The absence of IIH6C4 reactivity
confirmed the lack of functionally glycosylated α-DG. Non-transfected cells incubated only with
secondary antibody (2◦ Ab only) were used to adjust the population negative for α-DG immunostaining
(α-DG (-)). Percentages correspond to α-DG (-) population. (C) Sequence alignment of mouse Dag1
gene (annotated) showing the introduction of indels in DG-KO1 and DG-KO2 cell lines compared
with WT cells. Amino acid sequence shows the position of the stop codons generated in DG-KO1 and
DG-KO2 cell clones.

Owing to the functional relationship of DG with dystrophin-associated proteins (DAPs), DG-KO
clones were initially characterized by analyzing the protein levels of various DAPs, namely dystrophin
Dp71, α-dystrobrevin and β2-syntrophin. Lysates from both DG-KO1 and DG-KO2 clones showed no
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β-DG protein expression (Figure 2A; 43 kDa and 26 kDa proteins), and a drastic decrease in the levels of
all DAPs analyzed was observed, compared with WT cells (Figure 2B–D). Overall, these data validate
DG-KO clones as model for studying DG, including the role of β-DG in NE-associated processes.

Figure 2. Decreased protein levels of dystrophin associated proteins in DG-KO cells. Lysates from WT,
DG-KO1 and DG-KO2 cell cultures were analyzed by SDS-PAGE/WB using specific antibodies against
β-DG (A), Dp71 (B), α-dystrobrevin (α-DB) (C), β2-syntrophin (β2-Syn) (D) and GAPDH (loading
control); representative blots are shown. Bottom graphs: relative protein expression was calculated
from three independent experiments and significant differences were calculated using one-way ANOVA
and Dunnett´s post hoc test; * p < 0.05 in comparison to WT. Data indicate the mean ± SEM.

2.2. DG Deficiency Provokes Altered Localization and Decreased Protein Levels of Lamin B1

Because lamin B1, a critical NE protein, is a β-DG-interacting partner [20], we were prompted to
evaluate the impact of the lack of DG on lamin B1 distribution and protein expression. Interestingly,
altered immunostaining for lamin B1 and evident nuclear deformities (invaginations) were found in
DG-KO1 and DG-KO2 cells (Figure 3A). Consistently, the percentage of cells with aberrant nuclear
morphology was clearly higher in DG-KO cell cultures than WT cell culture (right graph). Morphometric
analysis of nuclei (nuclear area and circularly index) confirmed significant differences in nuclear shape
between WT and DG-KO1 and DG-KO2 cells (Figure 3B). In line with IF/confocal microscopy images,
a significant decrease in lamin B1 levels was observed in DG-KO1 and DG-KO2 cells (Figure 3C).
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Figure 3. DG-KO cells show altered localization and decreased protein levels of lamin B1. (A) WT,
DG-KO1 and DG-KO2 cells, seeded on glass coverslips, were fixed and immunostained for lamin B1.
Nuclei were stained with diamidino-2-phenylindole (DAPI) prior to confocal laser scanning microscopy
analysis (CLSM), and typical images are shown. Bar, 10 μm. Right: the bar graph shows the percentage
of nuclei with invaginations, with significant differences calculated in each cell culture from three
independent experiments using one-way ANOVA and Dunnett´s post hoc test; data indicate the mean
± SEM (n = 100 nuclei per cell culture; * p < 0.05 compared to WT). (B) Nuclear morphometric analysis
was carried out on WT, DG-KO1 and DG-KO2 cells, as described in Methods from three separate
experiments; significant differences were obtained using a non-parametric Kruskal–Wallis test and post
hoc Dunn´s method. Data correspond to the mean ± SEM (n = 100 nuclei per experimental condition;
* p < 0.05 compared to WT). (C) Lysates from WT and DG-KO1 and DG-KO2 cells were analyzed
by SDS-PAGE/WB using antibodies against lamin B1 and GAPDH (loading control). Representative
blots from three separate experiments are shown, with significant differences obtained using one-way
ANOVA and Dunnett´s post hoc test; * p < 0.05 in comparison to WT. Data indicate the mean ± SEM.
Right: densitometric analysis of immunoblot autoradiograms was performed to estimate lamin B1
protein expression.
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2.3. The Loss of DG Induces the Expression of Senescence-Associated Features

Lamin B1 downregulation occurs at the onset of cell transition to senescence [23,30]. Thus,
we tested whether the reduction in lamin B1 as a consequence of DG loss would lead to a senescent
phenotype. To approach this idea, we searched for senescence characteristics in DG-null cells. Decreased
proliferative potential and a higher percentage of cells at the G0/G1 phase of the cell cycle were found
in DG-KO1 and DG-KO2 cell cultures, compared with WT cells, as shown by MTT and flow cytometry
analyses, respectively (Figure 4A,B). G0/G1 arrest might be indicative of premature senescence; thus,
the identification of senescent cells in DG-KO cultures was carried out using senescence-associated
β-galactosidase activity [SA-β-gal]. Interestingly, increased numbers of senescent cells were found in
DG-KO1 and DG-KO2 cultures (20–25%), compared with WT cells (5%) (Figure 4C). In addition to
increased β-galactosidase activity, senescent cells display large-flat cell morphology and undergo both
nucleolar stress and the loss of perinuclear chromatin [28], among other characteristics. To corroborate
the increase in senescent cells in DG-KO cultures, we searched for the presence of these features
in DG-null cell cultures, using WT cells induced to senescence by treatment with sodium butyrate
(NaBu) for ten days as a positive control for the senescent phenotype. NaBu is a histone deacetylase
inhibitor that elicits senescence via irreversible induction of cell cycle arrest [31]. WT cells treated
with NaBu showed a flattened and expanded morphology, which markedly contrasts with the typical
polygonal morphology of untreated WT cells (Figure 5A). DG-KO2 but not DG-KO1 cells showed
a subtle but statistically significant increase in cell surface, compared with WT cells, as determined
by phalloidin staining of F-actin and estimation of cell surface area (Figure 5A and right graph).
On the other hand, a marked decrease in H3K9me3 foci immunostaining (heterochromatin marker)
was observed in DG-null cells in a similar fashion to that observed in NaBu-induced senescent cells
(Figure 5B), as determined by confocal laser scanning microscopy (CLSM) and fluorescence intensity
quantification (Figure 5B and right graph). Finally, disaggregated nucleoli with a smaller area were
found in DG-KO1 and DG-KO2 cell cultures, compared with WT cells, as revealed by immunostaining
for the nucleolar protein B23 and nucleolar area quantification (Figure 5C and right graph). However,
nucleolar disaggregation was much greater in NaBu-induced senescent cells.

Collectively, the aforementioned data imply that incipient senescence is present in DG-KO cell
cultures in the absence of any detectable senescence-inducing stimuli. Thus, we assessed whether the
lack of DG sensitizes C2C12 cells to senescence induction. In line with this, the percentage of senescent
cells was significantly higher in DG-KO1 cultures (60–70%) than that in WT cells (30%) upon five
days of NaBu treatment (Figure 6A). Long-term treatment (10 days) rendered a similar percentage of
senescent cells (~75%) between WT and DG-KO cell cultures (Figure 6A).

2.4. Aberrant Multipolar Mitoses in DG-KO Cells Resulted in Micronuclei Formation and Activation of
a P53-Mediated DNA Damage Response

A previous study from our group showed that downregulation of DG in C2C12 cells results
in an increased number of centrosomes [20]. Therefore, we next assessed whether the lack of DG
would lead to aberrant mitosis and, consequently, genomic instability, contributing to the senescent
phenotype. WT, DG-KO1 and DG-KO2 cells previously arrested in S phase by double treatment
with thymidine were released to allow their progression into mitosis. Cell were immunolabeled for
α-tubulin and γ-tubulin to decorate mitotic spindles and centrosomes, respectively, and mitotic cells
were visualized by CLSM. Remarkably, a high percentage of DG-KO1 and DG-KO2 cells (80%) showed
multipolar mitotic spindles and multidirectional alignment of chromosomes, compared to WT cells
(Figure 7A). Because thymidine treatment evokes a DNA damage response by slowing the progression
of replication forks [32], we analyzed whether DG-KO cells are more prone to response to DNA damage
than WT cells, by monitoring γ-H2AX foci, a DNA repair marker [33]. In line with our hypothesis,
a dramatic increase in fluorescence intensity of γ-H2AX foci was observed in thymidine-treated
DG-KO cells (Figure 7B) compared with thymidine-treated WT cells. Furthermore, the presence of
micronuclei, another faithful indicator of DNA damage and chromosome instability [34], was frequently
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observed in DG-KO1 (75%) and DG- KO2 (90%) cell cultures upon thymidine treatment, compared
with WT culture (20%). To support the latter result, we searched for micronuclei in the absence of
any DNA-damage-inducing agent. A significant increase in the percentage of micronuclei-contained
cells was observed in DG-KO1 (8%) and DG-KO2 (10%) cultures, compared with WT culture (4%),
as shown by lamin B1 immunostaining (Figure S1). Errors in cell division and persistent DNA damage
in DG null cells would lead to the activation of the checkpoint proteins p53 and its target proteins p21,
which in turn elicits cell cycle arrest and/or senescence. Consistent with this notion, p53 levels were
found to be increased in thymidine-treated DG-KO1 and DG-KO2 cells, while augmented levels of p21
were observed only in DG-KO1 cells, compared with WT cells (Figure 7C). Collectively, these data
imply that the lack of DG resulted in aberrant multipolar mitosis, which in turn induces a DNA damage
response via p53 activation and ultimately cell-cycle arrest.

Figure 4. DG-KO cell cultures exhibit decreased proliferation, G0/G1 arrest and senescence.
(A) MTT-based cell proliferation assays were performed over a 10 days period in WT, DG-KO1
and DG-KO2 cell cultures. Data correspond to the mean ± SEM from three independent experiments,
with significant differences determined by one-way ANOVA; * p < 0.05 compared to WT. (B) Cell cycle
analysis on WT, DG-KO1 and DG-KO2 asynchronous cell cultures was performed by flow cytometry.
A typical graph from three independent experiments is shown. (C) Senescent cells were identified
in WT, DG-KO1 and DG-KO2 cultures by quantifying SA β-gal activity, and representative images
were acquired by light-field microscopy. Bar = 50 μM. Right: the percentage of senescent cells was
calculated, and significant differences were obtained from three separate experiments using one-way
ANOVA, followed by Dunnett´s post hoc test. Data correspond to the mean ± SEM (n = 200 cells for
each cell culture; * p < 0.05 compared to WT).
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Figure 5. DG-null cells display senescent characteristics. WT, DG-KO1 and DG-KO2 cells were seeded
on glass coverslips and fixed prior to CLSM analysis. (A) Senescent cell morphology. Cells were
labeled with DAPI and phalloidin to visualize nuclei and actin-based cytoskeleton, respectively,
and representative images are shown. Bar, 50 μM. Right: the cellular area was estimated using
ImageJ software, with significant differences determined by non-parametric Kruskal–Wallis tests and
post hoc Dunn´s method. Data correspond to the mean ± SEM (n = 200 cells for each cell culture
and from three independent experiments). * p < 0.05 in comparison to WT). (B) Heterochromatin
loss. Cell preparations were immunostained for H3K9me3 followed by DAPI labeling to enable
nuclei visualization. Representative confocal microscope images are shown (bar, 10 μM). Right: the
fluorescent intensity of H3K9me3 foci was measured using ImageJ software, as described in Methods.
Significant differences were determined by non-parametric Kruskal–Wallis tests, followed by post
hoc Dunn´s method. Data correspond to the the mean ± SEM (n = 200 cells for each cell culture
and from three independent experiments; * p < 0.05 in comparison to WT). (C) Nucleolar disruption.
Cell preparations were immunostained for B23 and labeled with DAPI to decorate nucleoli and nuclei,
respectively. Scale bar, 10 μM. Right: nucleolar area was assessed using ImageJ software, as described
in Methods (n = 1300 nucleoli per experimental condition). Significant differences were determined by
non-parametric Kruskal–Wallis tests and post hoc Dunn´s method; data indicate the mean ± SEM.;
* p < 0.05 compared to WT.
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Figure 6. The loss of DG makes C2C12 cells more responsive to senescence induction. (A)WT, DG-KO1,
and DG-KO2 cell cultures were treated with sodium butyrate (NaBu) for 5 or 10 days to induce
senescence, and senescent cells were identified by SA β-gal activity; typical images were acquired by
light-field microscopy. Bar = 50 μM. Right: graph shows the percentage of senescent cells obtained from
three independent assays (n = 100 cells for each cell culture). Significant differences were determined
by one-way ANOVA followed by Dunnett´s multiple comparison test; * p < 0.05 compared to WT.
Data correspond to the mean ± SEM.

Figure 7. Mitotic failure activates a p53-dependent DNA damage response in DG-null cells. (A) WT,
DG-KO1 and DG-KO2 cells cultured on coverslips were arrested in S phase by double treatment with
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thymidine and further release into cell cycle for 4 h to progress into mitosis. Afterwards, cell preparations
were immunolabeled for α-tubulin and γ-tubulin to decorate mitotic spindles and centrosomes,
respectively, and counterstained with DAPI to visualized nuclei, prior to CLSM analysis. Right.
The percentage of multipolar mitotic spindles was determined from three separate experiments (n = 50
cells from each cell culture). Significant differences were calculated using one-way ANOVA and
Dunnett´s multiple comparison test; * p < 0.05 compared to WT. Data indicate the mean ± SEM.
(B) WT, DG-KO1 and DG-KO2 cells were cultured on coverslips and treated with thymidine as per
panel A. Cell preparations were then immunolabeled for γ2HAX and counterstained with DAPI to
decorate nuclei, prior to CLSM analysis. Right: the fluorescence intensity of γ2HAX foci was calculated,
and significant differences were determined by non-parametric Kruskal–Wallis tests followed by
Dunn´s post hoc analysis. Data correspond to the mean ± SEM from three separate experiments;
* p <0.05 compared to WT. Far right: the number of cells with micronuclei was calculated and significant
differences were obtained by one-way ANOVA and Dunnett´s post hoc analyses. Data correspond to
the mean ± SEM from three independent assays (n = 100 cells for each cell culture); * p < 0.05 compared
to WT. (C) and (D) Lysates from WT, DG-KO1 and DG-KO2 cells cultures, previously treated with
thymidine as per panel A, were analyzed by SDS-PAGE/WB, using specific antibodies against p53 (C),
p21 (D) and the loading control, and representative blots from two independent experiments are shown.

Because DNA damage response can induce telomerase shortening irrespective of telomerase
activity [35], we were prompted to estimate telomerase length in DG-deficient and WT cells of
similar culture passage (6–8 passage) by in situ hybridization (FISH), using a telomere oligonucleotide
fluorescein-labeled probe (Figure 8). It is assumed that the probe hybridizes quantitatively to telomeric
repeats, and hence the integrated telomere foci fluorescence intensity of a single nucleus is directly
related to the length of their telomeres [36,37]. We observed that the fluorescence intensity of telomere
foci was significantly less intense in DG-null cells, compared with WT cells (Figure 8A).

 
Figure 8. DG-KO cells exhibit telomere shortening. (A)WT, DG-KO1 and DG-KO2 cells grown on
coverslips were processed for FISH using a specific telomere probe (see Methods), and nuclei were
decorated by staining with DAPI. Representative CLSM images are shown; bar, 10 μM. The right graph
shows the relative telomere length determined by the telomere mean intensity divided by DAPI sum
intensity. Significant differences were determined by non-parametric Kruskal–Wallis tests, followed by
post hoc Dunn´s analysis. Data indicate the mean ± SEM from three separate experiments (n = 75 cells
per cell culture); * p < 0.05 compared to WT).
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3. Discussion

In this study, we generated a C12C12 myoblasts-based model with no expression of DG (α-DG and
β-DG) using CRISPR-Cas9 technology to provide insights into the nuclear function of β-DG. In earlier
studies, we showed that β-DG is involved in maintaining the structure and function of the NE [20,21];
nevertheless, the specific mechanisms underlying its role in these nuclear processes remains to be
determined. We isolated two DG-knockout clones (DG-KO1 and DG-KO2) that were generated from
two different gRNAs. We used this strategy in order to validate that the phenotypes observed were
not due to off-target cleavage by the CRISPR-Cas9 system. DG-KO cells were intentionally sorted
from the glycosylated α-DG negative population and, accordingly, expanded DG-KO clones showed
no expression of β-DG and decreased levels of dystrophin Dp71, α-dystrobrevin and β2-syntrophin,
three well characterized partners of β-DG [38], which validated our DG-deficient cell system.

We focused our research on the previously observed interaction between β-DG and lamin
B1 [20]. Lamin B1 belongs to a group of type V intermediate filament proteins known as the
lamins. These proteins are the main component of the nuclear lamina, which provides stability to
the nuclear structure, and regulates nuclear processes such as transcription, chromatin organization,
cell cycle, among others [39]. The abnormalities in the nuclear lamina observed in DG-KO cells
confirmed previous observations suggesting a key role for β-DG in maintaining the integrity of this
compartment [21]. Moreover, the decreased levels of lamin B1 in the absence of DG is particularly
relevant as the downregulation of lamin B1 is a key event mediating premature senescence [22,40].
This has been attributed to the plethora of nuclear processes that lamin B1 regulates, such as
heterochromatin architecture, cell cycle progression, nuclear morphology, gene expression and
splicing [41,42]. Therefore, we assessed whether DG-KO cells would acquire a senescent phenotype.
Consistently, DG-KO cells exhibited several senescent marks in the absence of any senescence-inducing
stimuli, including reduced cell proliferation with arrest at G0/G1, elevated SA-β-gal activity, nucleolar
disaggregation, senescent cell morphology and loss of heterochromatin. The cellular transition
to senescence is associated with extensive chromatin reorganization and gene expression changes.
Specifically, lamin B1 downregulation occurring during senescence facilitates the spatial relocalization
of perinuclear H3K9me3-positive heterochromatin [43]. Furthermore, downregulation of SUV39H1
during the establishment of senescence may promote DNA repair, leading to genome destabilization
due to deheterochromatinization of repetitive DNA, which in turn results in cell cycle arrest [44]. Thus,
lamin B1 may contribute to senescence by the spatial reorganization of chromatin and through gene
repression [43]. In this scenery, characterization of the DG-KO cell gene expression profile, including
the genomic DNA methylation pattern, will help to determine the epigenetic regulation occurring in
response to the loss of DG. It is worth noting that treatment with the histone deacetylase inhibitor
NaBu induced senescence in proliferating myoblasts and that this effect was exacerbated in DG-KO
cells. A possible explanation is that β-DG is required to stabilize lamin B1 at the nuclear lamina so
that it can attenuate induced senescence. Indeed, perturbation of β-DG nuclear trafficking causes
both mistargeting and reduced protein levels of lamin B1, leading ultimately to aberrant nuclear
architecture [21]. Thus, tight control of nuclear β-DG content is physiologically relevant to preserve
β-DG-lamin B1 interaction, thereby allowing the cell to finely tune nuclear activity in response to
cellular stimuli. While increased susceptibility to senescence might be a consequence of lamin B1
alteration in the absence of β-DG, it remains to be explored whether additional mechanisms related to
β-DG functions (e.g., signaling) are also contributing to this process.

Cellular senescence is induced by different damaging stimuli, including extended replication,
DNA damage, oxidative stress, telomere shortening and oncogenic signaling [45,46]. In an attempt
to further understand how the lack of DG results in senescence, we invoked an earlier study that
might connect DG with DNA damage. We previously demonstrated that DG downregulation
resulted in over-duplicated centrosomes in C2C12 cells [20], an aberrant characteristic associated
with multipolar mitosis [47,48]. Supporting our assumption, multipolar mitotic spindles were
frequently found in DG-null cells, compared with WT culture. Consistent with mitotic defects
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driving chromosome instability and DNA damage response [49], DG-KO cells exhibited an increased
number of micronuclei-containing cells and apparent shortening of telomeres, compared with WT cells.
The formation of micronuclei occurred to a much greater extent when DG-null cells were subjected
to thymidine-mediated DNA damage. Thymidine treatment evokes a DNA damage response by
slowing the progression of replication forks [32]. Furthermore, numerous intensely stained foci of
phosphorylated H2AX histone (γH2AX) were found in DG-KO cells after thymidine exposure. γH2AX
orchestrates DNA repair by recruiting repair factors to the surrounding of double-strand break (DSB)
sites, including MRE11/NBS1/RAD50, MDC1, 53BP1 and BRCA1 [33,50]. Supporting the idea that DG
deficiency makes the cell more prone to DNA-damage response, upregulation of the p53 pathway
(p53 and p21 proteins) was found in DG-KO cells upon thymidine treatment. p53 plays a pivotal
role for senescence induction; the DNA damage response activates ataxia telangiectasia (ATM) and
Rad3-related (ATR) kinases, which in turn activate the p53/p21 axis by phosphorylation of both p53
and its ubiquitin ligase Mdm2, leading to the stabilization of p53 levels [51]. However, differences in
p53 pathway activation between DG-KO1 and DG-KO2 cells due to inter-clonal heterogeneity cannot
be ruled out. This issue deserves further investigation.

How DG-KO cells acquire multiple centrosomes, a hallmark of cancer cells [52], is unknown.
Centrosome amplification could result from altered centrosome replication and/or cytokinesis failure.
Numerous proteins that regulate the centrosome duplication cycle have been identified, including
Polo-like kinase-4, cyclin-dependent kinase 2, and SPD-2 [53]; however, none of them has been
linked with DG so far. It is worth noting that β-DG localized to the cleavage furrow and midbody
in cytokinesis [54]; thus, DG deficiency might lead centrosome amplification through impaired
cytokinesis. Nonetheless, the fact that no binucleated cells were observed in DG-KO cultures opposes
this hypothesis. On the other hand, considering that B-type lamins have been involved in the assembly
and maintenance of mitotic spindles in Xenopus [55], it is possible that aberrant multipolar spindles
in DG-KO cells emerge, at least in part, due to depleted lamin B1 levels exhibited by DG-null cells.
Clearly, further research is required to elucidate a role for DG, if any, on centrosome duplication/mitosis
organization. Although CRISPR-Cas9 genome editing ablates the expression of both α- and β-DG,
we believe that the senescent phenotype of DG-KO cells is mechanistically linked to the nuclear
deficiency of β-DG, because lamin B1, the central hub of cellular senescence, is a β-DG interacting
partner [20,21]. Nonetheless, the possibility that the lack of α-DG drives the cell to senescence by
perturbing the outside-in signaling pathway across the ECM-cytoskeleton-nucleus axis [56] cannot
be ruled out. Furthermore, the rescue of DG expression in DG-KO cells is required to undoubtedly
demonstrate the contribution of β-DG to cellular senescence.

In summary, overall our data are consistent with the paradigm that interfering with DG function
results somehow in aberrant multipolar mitoses, which in turn evokes a p53-dependent DNA-damage
response, arresting cell cycle progression and thereby inducing senescence, to avoid propagation of
damaged genomes.

4. Materials and Methods

4.1. Cell Culturing and Treatments

Mouse C2C12 myoblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum, 50 U/ml penicillin,
50 μg/ml streptomycin, and 1 mM sodium pyruvate at 37 ◦C, in a humidified 5% CO2 cell incubator.
For senescence induction, cells were treated for 5 or 7 days with sodium butyrate (NaBu 5 mM,
Sigma-Aldrich, St Louis) diluted in PBS 1X or vehicle alone. To analyze mitosis, cells were blocked at
the S phase using double treatment with thymidine (2 mM) and then released from arrest by washing
with PBS and plating in fresh culture medium on glass coverslips for 3–4 h (metaphase-anaphase).
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4.2. Generation of DG-KO C2C12 Cell Lines by CRISPR-Cas

Two different single guide RNAs were designed to target the first coding exon of Dag1 gene,
using the crispr.mit.edu online tool: gRNA1 (5’ CCGACAACAGCCGTACCGTC 3’) and gRNA2 (5’
CCAGACGGTACGGCTGTTGT 3’) gRNAs were cloned into pSpCas9(BB)-red fluorescent protein
(RFP) plasmid (modified from pSpCas9(BB)-2A-GFP, a gift from Feng Zhan–Addgene plasmid #
48138; http://n2t.net/addgene:48138;RRID:Addgene_48138), Addgene (Watertown, MA, USA). C2C12
cells were transfected with gRNA1- or gRNA2-Cas9-RFP plasmids using lipofectamine (LTX) with
plus reagent (Thermo Fisher Scientific, Waltham, MA, USA). Forty-eight hours post transfection,
RFP positive cells were sorted using FACSAria (BD Biosciences, Woburn, MA, USA). After expansion,
cells were collected with enzyme-free cell dissociation buffer (Gibco–Thermo Fisher Scientific, Waltham,
MA, USA) and incubated with anti-CD16/CD32 antibody (Mouse BD Fc Block, 2.4G2; BD Biosciences,
Woburn, MA, USA) on ice for 5 minutes, and subsequently with anti-α-DG antibody (IIH6C4) on ice
for 30 minutes. Following PBS washes, cells were incubated with goat anti-mouse IgG-Alexa Fluor
488 secondary antibody on ice for 20 minutes. Cells were then washed with PBS and resuspended in
FACS buffer (10% FBS in PBS). Cells negative for α-DG staining were sorted by FACS and expanded.
WT cells incubated with or without IIH6C4 were used to set the gates for positive or negative α-DG
staining, respectively. Upon expansion, sorted cells had a second round of sorting for α-DG negative
staining and single cells were collected in a 96-well plate for clonal expansion. DG-KO clones were
screened for β-DG by Western blotting using anti-β-DG antibodies (MANDAG2). Two clones, DG-KO1
and DG-KO2, were expanded and characterized by sequencing the DNA region targeted by the
gRNAs, to confirm Dag1 gene disruption. Cell cultures between passage six and twelve were used for
all analyses.

4.3. Antibodies

The following primary antibodies were used. Mouse monoclonal antibodies againstα-dystrobrevin
(α-DB; BD Transduction Laboratories, Becton Dickinson, Franklin Lakes, NJ, USA), α-DG (IIH6C4
(IIH6, 05-593; Millipore, Sigma-Aldrich, St. Louis, MO, USA), β-DG (MANDAG2 [57]), α-tubulin
(sc-32293; Santa Cruz Biotechnology, CA, USA), p53 (#2524; Cell Signaling Technology, MA, USA),
p21 (#2946; Cell Signaling Thecnology, MA, USA), and GAPDH (sc-32233; Santa Cruz Biotechnology,
CA, USA). Rabbit polyclonal antibodies against B23 (sc-6013-R; Santa Cruz Biotechnology, CA, USA),
dystrophin Dp71 (+78Dp71; Genemed Synthesis Inc., San Francisco, CA, USA), lamin B1 (Ab16048;
Abcam, Cambridge, UK), γ-tubulin (sc10732; Santa Cruz Biotechnology, CA, USA), H3K9me3 (ab8898;
Abcam, Cambridge, UK) and γ-H2AX (#07-164; Millipore, Sigma-Aldrich, St. Louis, MO, USA).
Goat polyclonal antibody against β2-syntrophin (SC-13766; Santa Cruz Biotechnology, CA, USA) was
also used.

4.4. Western Blotting

C2C12 cell culture lysates were electrophoresed on 10% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories Inc., Berkeley, CA, USA). Membranes were
blocked in TBST (100 mM Tris-HCL pH 8.0, 150 mM NaCL, 0.5% (v/v) Tween-20) with low fat-dried milk
and then incubated overnight at 4 ◦C with the appropriate primary antibodies. The specific protein
signal was developed using the corresponding secondary antibodies and enhanced chemiluminescence
western blotting detection system (ECL TM; Amersham Pharmacia, GE Healthcare), according to
the manufacturer´s instructions. Images were acquired for densitometric analysis with a Gel Doc
EZ System (Bio-Rad Laboratories Inc., Berkeley, CA, USA), using Image Lab 6.0.1 software (Bio-Rad
Laboratories Inc., Berkeley, CA, USA). To normalize protein expression from the same sample and
on the same blot, the band intensity of the target protein was divided by the band intensity of the
loading protein.

159



Int. J. Mol. Sci. 2020, 21, 4961

4.5. Immunofluorescence and Confocal Microscopy Analysis

Cells cultured on coverslips were fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized
with 0.2% Triton X-100-PBS, blocked with 0.5% fetal bovine serum and 3% bovine serum albumin (BSA)
in PBS and then incubated overnight at 4 ◦C with the corresponding primary antibodies. The following
day, cells were washed with 0.05% Triton-X-100-PBS for 5 min and then with PBS alone three times,
prior to be incubated for 1 h at room temperature with the appropriate fluorochrome-conjugated
secondary antibody. For double immunolabeled samples, this was followed by overnight incubation
at 4 ◦C with corresponding primary antibodies and the next day, cells were incubated with secondary
fluorochrome-conjugated antibodies. Where indicated, F-actin was labelled using TRITC-conjugated
Phalloidin (Sigma-Aldrich St. Louis, MO, USA) diluted 1:500 in PBS for 10 min at room temperature.
Finally, coverslip preparations were incubated for 20 min at room temperature with 0.2 μg/mL
diamidino-2-phenylindole (DAPI; Sigma Aldrich) for nuclei visualization, mounted on microscope
slides with VectaShield (Vector Laboratories Inc., Burlingame, CA, USA) and further analyzed by
confocal laser scanning microscopy (CLSM; Eclipse Ti Series, Nikon Corporation Healthcare Business
Unit, Japan) using a 63× (NA = 1.2) oil-immersion objective. The analysis of digitized images
was carried out using ImageJ, 1.49 software (Wayne Rasband National Institutes of Health, USA.
http://imageJ.nih.gov.ij). For morphometric analysis of nuclei, raw images were calibrated and
converted to 8-bit gray scale, to set up a threshold for nuclei selection. Then, nuclear area and circularity
parameters were calculated, as described previously [58]. The nucleolar area (μm2) was calculated
on maxima projection images, using a 3D objects counter, as described previously [59]. To quantify
the fluorescence intensity of γ-H2AX (DNA-damage marker and H3K9me3 (heterochromatin marker)
foci, the Find Maxima function from ImageJ was used, as previously described [60]. Data were plotted
using Prism6 software.

4.6. Flow Cytometry and Cell Proliferation Assays

Cells were trypsinized and washed twice with PBS prior to being fixed with 80% ethanol for 30 min,
stained for DNA with 1 μg/mL DAPI (Sigma-Aldrich) for 20 min and transferred to flow cytometry
tubes for cell cycle analysis in a BD LSR-Fortessa flow cytometer (BD Biosciences, San Jose, CA,
USA), using the ModFit LT software (Verity Software House, Topsham, ME). For proliferation assays,
cells were harvested and plated in triplicate onto 12-well microplates at (Corning, Costar), at a density
of 1 × 103 cells/mL. Cell proliferation was assessed for 10 days using the MTT [3-(4,5-dimethylthiazole)-
2-5-diphenyl tetrazolium bromide] commercial kit (Sigma-Aldrich) and following the manufacturer’s
instructions. Absorbance was measured at 570 nm on a Molecular Devices Spectra Max Plus384
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

4.7. Fluorescence in Situ Hybridization (FISH) and Relative Telomere Length Determination

Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS 1× for 10 min, washed
three times in PBS 1X and permeabilized with Triton 0.2% in PBS 1X for 12 min. Cell preparations were
treated for 20 min at 37 ◦C with 100 μL of RNase (1 μg/mL), washed three times with PBS 1X and dried.
Afterwards, coverslips were incubated in hybridization buffer (20 mM Na2HPO4 [Ph 7.4], 20 mM Tris
[pH 7.4], 60% formamide, 10% BSA) with 1ng/μL Cy3-conjugated telomere probe (Cy3 conjugated
G-strand probe [5´-GGGTTAGGGTTAGGGTTA-3´]) added. Coverslips were then incubated at 80 ◦C
for 2 h in the dark for denaturation, prior to incubation at room temperature overnight for hybridization.
Next day, coverslips were washed twice with SSC 2×/1% Tween 20, for 10 min at 60 ◦C; twice with SSC
1×/0.1% Tween 20 and once with SSC 0.5×/0.1% Tween 20. Finally, cells preparations were incubated
for 10 min at room temperature with DAPI (0.2 μg/μL, Sigma-Aldrich Inc.) for nuclei visualization,
washed with PBS 1×, and mounted on microscope slides with VectaShield (Vector Laboratories, Inc.,
Burlingame, CA, USA) for confocal microscopy analysis. The analysis of the number of telomere foci
and its relative length of the Q-FISH technique was performed using the Find Maxima function of
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ImageJ software, 1.49 version image analysis (Wayne Rasband National Institutes of Health, USA.
http://imageJ.nih.gov.ij). Raw images were converted to 8-bit gray scale to set up a binary mask that
allowed the analysis of fluorescence intensity of the foci within a DAPI-positive region. The relative
telomere length was calculated as follows: the telomere mean intensity was divided by the sum
intensity of the DAPI signal, as described previously [61].

4.8. Senescence-Associated β-Galactosidase (SA-β-Gal) Assay

Cells seeded on coverslips were stained with SA-β-Gal following manufacturer’s instructions
(Senescent Cell Histochemical Staining Kit, Sigma-Aldrich, St. Louis, MO, USA). Blue stained cells
expressing β-galactosidase (senescent cells) were observed under bright-field microscopy using
differential interference contrast.

5. Conclusions

In summary, overall our data are consistent with the paradigm that interfering with DG function
results somehow in aberrant multipolar mitoses, which in turn evokes a p53-dependent DNA-damage
response, arresting the cell cycle progression and thereby inducing senescence, to avoid the propagation
of damaged genomes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/14/
4961/s1.

Author Contributions: Conceptualization; B.C., G.E.J.-G., R.M.-G. and R.C.R.P.; Methodology; G.E.J.-G., R.M.-G.,
L.A.S.-P., W.L.G.-M., I.G.-A., R.A.P.-R. and R.S.-S.; Formal analysis; B.C., G.E.J.-G., R.M.-G., L.A.S.-P., W.L.G.-M.,
I.G.-A. and A.B.; Resources; B.C., J.J.M., R.C.R.P., R.A.P.-R. and A.B.; Writing; B.C., G.E.J.-G., R.M.-G. and A.B.;
Funding acquisition and Project Administration; B.C. and J.J.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Bilateral Agreement CNR (Italy)/CINVESTAV (Mexico) (Reference
CNR2018/4) and SEP-CINVESTAV (Reference 242) grants (BC) and the National Institutes of Health (NHI), grants
R01 AR055299 and AR071439 (R.C.R.P.).

Acknowledgments: We are grateful to Jesús Pablo Gómez Islas for technical assistance and to Steve J Winder for
critical reading of the manuscript.

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

Abbreviations

NaBu Sodium butyrate
PM Plasma membrane
NE Nuclear envelope
DAPs Dystrophin-Associated Proteins
ECM Extracellular matrix
SA-β-gal Senescence associated β-galactosidase
FACs Fluorescence-activated cell sorting
SDS PAGE Sodium dodecyl sulfate polyacrylamide gel
CLSM Confocal laser scanning microscopy analysis

References

1. Ervasti, J.M.; Campbell, K.P. Membrane organization of the dystrophin-glycoprotein complex. Cell 1991, 66,
1121–1131. [CrossRef]

2. Ibraghimov-Beskrovnaya, O.; Ervasti, J.M.; Leveille, C.J.; Slaughter, C.A.; Sernett, S.W.; Campbell, K.P.
Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix.
Nature 1992, 355, 696–702. [CrossRef] [PubMed]

3. Suzuki, A.; Yoshida, M.; Yamamoto, H.; Ozawa, E. Glycoprotein-binding site of dystrophin is confined to
the cysteine-rich domain and the first half of the carboxy-terminal domain. FEBS Lett. 1992, 308, 154–160.
[CrossRef]

161



Int. J. Mol. Sci. 2020, 21, 4961

4. Holt, K.H.; Crosbie, R.H.; Venzke, D.P.; Campbell, K.P. Biosynthesis of dystroglycan: Processing of a precursor
propeptide. FEBS Lett. 2000, 468, 79–83. [CrossRef]

5. Smalheiser, N.R.; Kim, E. Purification of cranin, a laminin binding membrane protein. Identity with
dystroglycan and reassessment of its carbohydrate moieties. J. Biol. Chem. 1995, 270, 15425–15433. [CrossRef]

6. Boffi, A.; Bozzi, M.; Sciandra, F.; Woellner, C.; Bigotti, M.G.; Ilari, A.; Brancaccio, A. Plasticity of secondary
structure in the N-terminal region of beta-dystroglycan. Biochim. Biophys. Acta 2001, 1546, 114–121. [CrossRef]

7. Di Stasio, E.; Sciandra, F.; Maras, B.; Di Tommaso, F.; Petrucci, T.C.; Giardina, B.; Brancaccio, A. Structural
and functional analysis of the N-terminal extracellular region of beta-dystroglycan. Biochem. Biophys. Res.
Commun. 1999, 266, 274–278. [CrossRef]

8. Huang, X.; Poy, F.; Zhang, R.; Joachimiak, A.; Sudol, M.; Eck, M.J. Structure of a WW domain containing
fragment of dystrophin in complex with beta-dystroglycan. Nat. Struct. Biol. 2000, 7, 634–638. [CrossRef]

9. Chung, W.; Campanelli, J.T. WW and EF hand domains of dystrophin-family proteins mediate dystroglycan
binding. Mol. Cell Biol. Res. Commun. 1999, 2, 162–171. [CrossRef]

10. Ishikawa-Sakurai, M.; Yoshida, M.; Imamura, M.; Davies, K.E.; Ozawa, E. ZZ domain is essentially required
for the physiological binding of dystrophin and utrophin to beta-dystroglycan. Hum. Mol. Genet. 2004, 13,
693–702. [CrossRef]

11. Muntoni, F. Journey into muscular dystrophies caused by abnormal glycosylation. Acta Myol. Myopathies
Cardiomyopathies Off. J. Mediterr. Soc. Myol. 2004, 23, 79–84.

12. Singh, J.; Itahana, Y.; Knight-Krajewski, S.; Kanagawa, M.; Campbell, K.P.; Bissell, M.J.; Muschler, J. Proteolytic
enzymes and altered glycosylation modulate dystroglycan function in carcinoma cells. Cancer Res. 2004, 64,
6152–6159. [CrossRef]

13. Cohn, R.D.; Henry, M.D.; Michele, D.E.; Barresi, R.; Saito, F.; Moore, S.A.; Flanagan, J.D.; Skwarchuk, M.W.;
Robbins, M.E.; Mendell, J.R.; et al. Disruption of DAG1 in differentiated skeletal muscle reveals a role for
dystroglycan in muscle regeneration. Cell 2002, 110, 639–648. [CrossRef]

14. Dumont, N.A.; Wang, Y.X.; von Maltzahn, J.; Pasut, A.; Bentzinger, C.F.; Brun, C.E.; Rudnicki, M.A. Dystrophin
expression in muscle stem cells regulates their polarity and asymmetric division. Nat. Med. 2015, 21,
1455–1463. [CrossRef] [PubMed]

15. Thompson, O.; Moore, C.J.; Hussain, S.A.; Kleino, I.; Peckham, M.; Hohenester, E.; Ayscough, K.R.; Saksela, K.;
Winder, S.J. Modulation of cell spreading and cell-substrate adhesion dynamics by dystroglycan. J. Cell Sci.
2010, 123, 118–127. [CrossRef] [PubMed]

16. Oppizzi, M.L.; Akhavan, A.; Singh, M.; Fata, J.E.; Muschler, J.L. Nuclear translocation of beta-dystroglycan
reveals a distinctive trafficking pattern of autoproteolyzed mucins. Traffic (Copenhagen, Denmark) 2008, 9,
2063–2072. [CrossRef]

17. Lara-Chacón, B.; de León, M.B.; Leocadio, D.; Gómez, P.; Fuentes-Mera, L.; Martínez-Vieyra, I.; Ortega, A.;
Jans, D.A.; Cisneros, B. Characterization of an Importin alpha/beta-recognized nuclear localization signal in
beta-dystroglycan. J. Cell. Biochem. 2010, 110, 706–717. [CrossRef]

18. Gracida-Jiménez, V.; Mondragón-González, R.; Vélez-Aguilera, G.; Vásquez-Limeta, A.;
Laredo-Cisneros, M.S.; Gómez-López, J.D.; Vaca, L. Retrograde trafficking of β-dystroglycan from
the plasma membrane to the nucleus. Sci. Rep. 2017, 7, 9906. [CrossRef]

19. Mathew, G.; Mitchell, A.; Down, J.M.; Jacobs, L.A.; Hamdy, F.C.; Eaton, C.; Rosario, D.J.; Cross, S.S.;
Winder, S.J. Nuclear targeting of dystroglycan promotes the expression of androgen regulated transcription
factors in prostate cancer. Sci. Rep. 2013, 3, 2792. [CrossRef]

20. Martínez-Vieyra, I.A.; Vásquez-Limeta, A.; González-Ramírez, R.; Morales-Lázaro, S.L.; Mondragón, M.;
Mondragón, R.; Ortega, A.; Winder, S.J.; Cisneros, B. A role for β-dystroglycan in the organization and
structure of the nucleus in myoblasts. Biochim. Biophys. Acta 2013, 1833, 698–711. [CrossRef]

21. Vélez-Aguilera, G.; de Dios Gómez-López, J.; Jiménez-Gutiérrez, G.E.; Vásquez-Limeta, A.;
Laredo-Cisneros, M.S.; Gómez, P.; Winder, S.J.; Cisneros, B. Control of nuclear β-dystroglycan content is
crucial for the maintenance of nuclear envelope integrity and function. Biochim. Biophys. Acta 2018, 1865,
406–420. [CrossRef] [PubMed]

22. Shimi, T.; Butin-Israeli, V.; Adam, S.A.; Hamanaka, R.B.; Goldman, A.E.; Lucas, C.A.; Shumaker, D.K.;
Kosak, S.T.; Chandel, N.S.; Goldman, R.D. The role of nuclear lamin B1 in cell proliferation and senescence.
Genes Dev. 2011, 25, 2579–2593. [CrossRef] [PubMed]

162



Int. J. Mol. Sci. 2020, 21, 4961

23. Freund, A.; Laberge, R.M.; Demaria, M.; Campisi, J. Lamin B1 loss is a senescence-associated biomarker. Mol.
Biol. Cell 2012, 23, 2066–2075. [CrossRef] [PubMed]

24. Garvalov, B.K.; Muhammad, S.; Dobreva, G. Lamin B1 in cancer and aging. Aging 2019, 11, 7336–7338.
[CrossRef]

25. Shah, P.P.; Donahue, G.; Otte, G.L.; Capell, B.C.; Nelson, D.M.; Cao, K.; Aggarwala, V.; Cruickshanks, H.A.;
Rai, T.S.; McBryan, T.; et al. Lamin B1 depletion in senescent cells triggers large-scale changes in gene
expression and the chromatin landscape. Genes Dev. 2013, 27, 1787–1799. [CrossRef]

26. Campisi, J. Senescent cells, tumor suppression, and organismal aging: Good citizens, bad neighbors. Cell
2005, 120, 513–522. [CrossRef]

27. Adams, P.D. Healing and hurting: Molecular mechanisms, functions, and pathologies of cellular senescence.
Mol. Cell 2009, 36, 2–14. [CrossRef]

28. Wang, A.S.; Dreesen, O. Biomarkers of Cellular Senescence and Skin Aging. Front. Genet. 2018, 9, 247.
[CrossRef]

29. Ervasti, J.M.; Campbell, K.P. A role for the dystrophin-glycoprotein complex as a transmembrane linker
between laminin and actin. J. Cell Biol. 1993, 122, 809–823. [CrossRef]

30. Dreesen, O.; Chojnowski, A.; Ong, P.F.; Zhao, T.Y.; Common, J.E.; Lunny, D.; Lane, E.B.; Lee, S.J.; Vardy, L.A.;
Stewart, C.L.; et al. Lamin B1 fluctuations have differential effects on cellular proliferation and senescence. J.
Cell Biol. 2013, 200, 605–617. [CrossRef]

31. Petrova, N.V.; Velichko, A.K.; Razin, S.V.; Kantidze, O.L. Small molecule compounds that induce cellular
senescence. Aging Cell 2016, 15, 999–1017. [CrossRef]

32. Bolderson, E.; Scorah, J.; Helleday, T.; Smythe, C.; Meuth, M. ATM is required for the cellular response to
thymidine induced replication fork stress. Hum. Mol. Genet. 2004, 13, 2937–2945. [CrossRef] [PubMed]

33. Podhorecka, M.; Skladanowski, A.; Bozko, P. H2AX Phosphorylation: Its Role in DNA Damage Response
and Cancer Therapy. J. Nucleic Acids 2010, 2010. [CrossRef] [PubMed]

34. Maass, K.K.; Rosing, F.; Ronchi, P.; Willmund, K.V.; Devens, F.; Hergt, M.; Herrmann, H.; Lichter, P.; Ernst, A.
Altered nuclear envelope structure and proteasome function of micronuclei. Exp. Cell Res. 2018, 371, 353–363.
[CrossRef]

35. Hewitt, G.; Jurk, D.; Marques, F.D.; Correia-Melo, C.; Hardy, T.; Gackowska, A.; Anderson, R.; Taschuk, M.;
Mann, J.; Passos, J.F. Telomeres are favoured targets of a persistent DNA damage response in ageing and
stress-induced senescence. Nat. Commun. 2012, 3, 708. [CrossRef] [PubMed]

36. Hultdin, M.; Grönlund, E.; Norrback, K.; Eriksson-Lindström, E.; Just, T.; Roos, G. Telomere analysis by
fluorescence in situ hybridization and flow cytometry. Nucleic Acids Res. 1998, 26, 3651–3656. [CrossRef]
[PubMed]

37. O’Sullivan, J.N.; Finley, J.C.; Risques, R.A.; Shen, W.T.; Gollahon, K.A.; Moskovitz, A.H.; Gryaznov, S.;
Harley, C.B.; Rabinovitch, P.S. Telomere length assessment in tissue sections by quantitative FISH: Image
analysis algorithms. Cytometry. Part A 2004, 58, 120–131. [CrossRef] [PubMed]

38. Ervasti, J.M.; Sonnemann, K.J. Biology of the striated muscle dystrophin-glycoprotein complex. Int. Rev.
Cytol. 2008, 265, 191–225. [CrossRef]

39. Dechat, T.; Pfleghaar, K.; Sengupta, K.; Shimi, T.; Shumaker, D.K.; Solimando, L.; Goldman, R.D. Nuclear
lamins: Major factors in the structural organization and function of the nucleus and chromatin. Genes Dev.
2008, 22, 832–853. [CrossRef]
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Abstract: People are living longer than ever. Consequently, they have a greater chance for developing
a functional impairment or aging-related disease, such as a neurodegenerative disease, later in
life. Thus, it is important to identify and understand mechanisms underlying aging as well as the
potential for rejuvenation. Therefore, we used next-generation sequencing to identify differentially
expressed microRNAs (miRNAs) in serum exosomes isolated from young (three-month-old) and
old (22-month-old) rats and then used bioinformatics to explore candidate genes and aging-related
pathways. We identified 2844 mRNAs and 68 miRNAs that were differentially expressed with age.
TargetScan revealed that 19 of these miRNAs are predicated to target the 766 mRNAs. Pathways
analysis revealed signaling components targeted by these miRNAs: mTOR, AMPK, eNOS, IGF,
PTEN, p53, integrins, and growth hormone. In addition, the most frequently predicted target
genes regulated by these miRNAs were EIF4EBP1, insulin receptor, PDK1, PTEN, paxillin, and
IGF-1 receptor. These signaling pathways and target genes may play critical roles in regulating
aging and lifespan, thereby validating our analysis. Understanding the causes of aging and the
underlying mechanisms may lead to interventions that could reverse certain aging processes and
slow development of aging-related diseases.

Keywords: exosomes; aging; serum; functional enrichment analysis; ingenuity pathway analysis;
miRNA-mRNA networks; aging-related disease

1. Introduction

Aging is a highly complex biological process that is often accompanied by a general decline
in tissue function and an increased risk for aging-related diseases, such as cardiovascular disease,
stroke, cancer, and neurodegenerative diseases. Indeed, as average lifespan continues to increase,
aging-related functional decline, such as cognitive impairment, will likely become a health care
priority [1]. For example, the most common form of dementia is Alzheimer’s disease (AD), but a
large proportion of cognitive impairment cases in the aged population is not due to AD but rather to
normal aging process. Thus, it is important to identify ways to maintain functional integrity during
aging [2]. Many theories have been proposed to explain why we age [3]. Recently, we proposed
a new theory positing that aging is the process of continuous impairment of microcirculation in
the body [4]. Indeed, compelling evidence indicates that systemic factors in the blood profoundly
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reverse aging-related impairments [5–7], which are influenced by specific rejuvenating or deteriorating
factors, e.g., proteins, microRNAs (miRNAs), and mRNAs [8]. Thus, many circulating factors have
been identified as attractive biomarkers for tissue-specific diseases and aging [9,10]. However, the
mechanisms underlying the contributions of blood-derived factors to aging remain unclear.

Research over the last two decades has demonstrated that cells mainly communicate by releasing
extracellular vesicles (EV) that can act on nearby cells (paracrine signaling) or end up in circulating
body fluids, with possible effects at distant sites (endocrine signaling) [11]. Exosomes are small
EVs (approximately 50–150 nm in diameter) of endosomal origin that initially form as intraluminal
vesicles inside late endosomal compartments. Indeed, exosomes contain many specific proteins,
mRNAs, miRNAs, and long noncoding RNAs [12] and play a vital role in cell communication
by transferring their cargo between source and target cells, which is also important in aging and
aging-related disease [13]. For example, injection of serum exosomes from young mice into old mice
could alter the expression pattern of aging-associated molecules to mimic that of young mice [14].
In addition, studies have documented that exosomes from brain cells can cross the blood-brain barrier
(BBB) and serve as peripheral circulating biomarkers of cognitive impairment in AD [15–17], and,
blood exosomes can also cross the BBB to target brain cells and affect brain function [18–21]. Thus,
peripheral circulating exosomes have diagnostic and therapeutic potential. However, most studies
have focused on establishing exosomal protein or miRNA profiles for comparing disease states and
matched controls, and few studies have focused on characterizing proteins and miRNAs in peripheral
circulating exosomes during normal aging [22]. Therefore, it is critical to define the profiles for
exosomal proteins and miRNAs that can be transferred from exosome to recipient cells. Importantly,
it has been estimated that miRNAs regulate ~31% of all eukaryotic genes by promoting degradation
of their mRNAs or inhibiting their translation [23,24]. Indeed, miRNA-mediated regulation governs
metabolism, immunity, lifespan, cell proliferation, apoptosis, and development [25–27], as well as
pathological processes such as cancer and cardiovascular and neurodegenerative disease [28–30].
Therefore, among the exosomal cargo that is transferred to recipient cells, miRNAs likely have the
greatest downstream impact on cell functions. To explore the role of circulating exosomes in aging
processes, exosomal miRNAs must be more broadly characterized. In addition, recent evidence
suggests that numerous signaling pathways regulate normal aging processes. However, research is
lacking concerning how aging affects co-expression profiles for exosomal miRNAs and mRNAs and
how miRNA-mRNA regulatory networks systematically influence aging processes.

To address shortcomings in our knowledge of exosomal miRNA functions, we used next-generation
sequencing to establish miRNA and mRNA profiles for circulating exosomes isolated from young
and old rats. We also investigated the possible role of exosomal miRNAs in aging by analyzing
the biological importance of the miRNA targets and in major signaling pathways associated with
aging using bioinformatic tools including Gene Ontology (GO) enrichment, Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment and pathways, eukaryotic orthologous groups (KOG)
function classification, and Ingenuity Pathway Analysis (IPA). Our findings may provide a basis for
understanding the physiological consequences of aging-related changes in the makeup of circulating
miRNAs and could lead to potential interventions for aging-related diseases.

2. Results

2.1. Characterization of Serum Exosomes

We first characterized the protein content of serum exosomes isolated from young and old rats
using Western blotting. Serum exosomes from each of young and old rats were positive for the exosome
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markers, CD63 and CD9 (Figure 1A). Nanoparticle tracking analysis (NTA) (Figure 1B) verified a
strong enrichment of particles in the range 40–120 nm, with mean size of 82 +/− 0.8 nm, supporting a
multimodal size distribution of exosomes with a peak diameter of 70–120 nm, consistent with previous
reports [31,32]. In addition, transmission electron microscopy (TEM) was used to confirm that the
purified particles were membrane bound, round and heterogeneous in size (40–120 nm) (Figure 1C).

Figure 1. Characterization of serum exosomes. (A) Western blotting for CD63 and CD9 in serum
exosomes isolated from young and old rats. (B) Average overall size distribution of exosomes from
serum of old rats using the Nanoparticle Tracking Analysis. (C) Representative transmission electron
microscopy image showing the typical morphology and size range of exosomes from serum of old rat.
Y, serum exosomes from young rats; O, serum exosomes from old rats.

2.2. Differentially Expressed RNAs in Serum Exosomes with Age

To determine whether aging affects the levels of serum exosomal RNAs, RNA profiles were
determined by next-generation RNA Sequencing. After quality control and filtering, a total of
35117 RNAs, including mRNA, miRNAs and other type of RNAswere identified in exosomes from
serum of young and old rats (Supplementary data). Following application of thresholds for significance,
2736 (17.9%) were down-regulated and 108 (7%) were up-regulated in serum exosomes from old rats
(p < 0.05, >1.5-fold change; Figure 2A), among identified 15272 mRNA. In addition, 600 miRNAs were
identified after quality control, among which 68 were relatively abundant in old rats, including 28
that were down-regulated and 40 that were up-regulated serum exosomes from old rats (p < 0.05,
>1.5-fold change; Figure 2B). A volcano plot (Figure 2C) and cluster analysis (Figure 2D) revealed the
overall distribution of differentially expressed mRNAs and miRNAs of serum exosomes with age after
analysis with TargetScan.
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Figure 2. Profiles for mRNAs and miRNAs of serum exosomes from young and old rats. (A,B) Venn
diagram of all differentially expressed mRNAs (A) and miRNAs (B) identified in serum exosomes.
(C) Volcano plot for comparing the differentially expressed exosomal mRNAs and miRNAs in serum
from young and old rats after analysis with TargetScan (fold change > 1.5 and p < 0.05). (D) Heatmap
of the differentially expressed mRNAs and miRNAs in serum exosomes from young and old rats (n = 6
each group) after TargetScan (fold change > 1.5 and p < 0.05). Young, serum exosomes from young rats;
Old, serum exosomes from old rats.

2.3. Identification of miRNA-Targeted mRNAs

MiRNAs regulate expression of specific genes via hybridization to mRNAs to promote their
degradation in order to inhibit their translation or both [33]. A volcano plot revealed the overall
distribution of the exosomal miRNAs we identified in this study (Figure 3A). To study the possible
functional roles of the differentially expressed miRNAs, their potential mRNA targets were analyzed
with Targetscan. Among the 68 miRNAs, only 19 were associated with 766 of the 2844 mRNAs
that were differentially expressed with age (Figure 3B), suggesting that these miRNAs contribute to
the age-dependent regulation of specific mRNAs. Among them, 5 mRNAs were down-regulated
and 14 were up-regulated in serum exosomes from old rats compared with those from young rats
(Figure 3C). MiRNA-483-3p and miRNA-489-3p were detected only in exosomes from young rats, and
miRNA-187-3p, miRNA-202-3p, miRNA-450b-5p, miRNA-501-3p, miRNA-511-5p, and miRNA-598-3p
were detected only in exosomes from old rats (Table 1). Figure 3D presents results of a cluster analysis
of differentially expressed miRNAs for each sample.
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Figure 3. Profiles for differentially expressed miRNAs of serum exosomes from young and old rats.
(A) Volcano plot showing the differentially expressed miRNAs (fold change > 1.5 and p < 0.05). (B) Venn
diagram showing the differentially expressed mRNAs. (C) Venn diagram of the differentially expressed
miRNAs. (D) Heat map of hierarchical clustering of 19 miRNAs that were identified in serum exosomes
from young and old rats (n = 6 each group).

Table 1. List of circulating miRNAs for which expression differed with age.

ID p-Value Fold Change Expression Level (Old vs. Young)

rno-miR-101b-3p 0.0295919 3.0300921 Up
rno-miR-122-5p 0.005130112 10.50495019 Up

rno-miR-133a-3p 0.000973173 −3.631787956 Down
rno-miR-143-3p 0.033831212 2.469145377 Up
rno-miR-145-5p 0.032740298 17.04524832 Up
rno-miR-150-3p 0.016694482 −3.404719964 Down
rno-miR-181c-5p 0.006634803 −2.79454293 Down
rno-miR-187-3p 0.001 64 Up
rno-miR-194-5p 0.042745612 16.8112814 Up

rno-miR-199a-5p 0.009166599 3.06058214 Up
rno-miR-202-3p 0.001 64 Up

rno-miR-203b-3p 0.03954997 9.395112765 Up
rno-miR-378a-3p 0.043871243 1.797380304 Up
rno-miR-450b-5p 0.001 64 Up
rno-miR-483-3p 0.001 −64 Down
rno-miR-489-3p 0.001 −64 Down
rno-miR-501-3p 0.001 64 Up
rno-miR-511-5p 0.001 64 Up
rno-miR-598-3p 0.001 64 Up
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2.4. GO Enrichment Analysis of miRNA-Targeted mRNAs

To gain a better understanding of the potential role of these exosomal miRNAs in aging, we used
Blastp to carry out functional annotation and enrichment analysis of their target genes identified in
the GO enrichment analysis. Functional annotation was categorized by biological process, cellular
component and molecular function, and only the top 10 GO terms having the smallest p-value were
considered. These categories represent the annotation of the functional enrichment of targeted genes,
and a lower p-value represents a greater functional enrichment of a relative term. Notably, almost
all the genes listed under these GO terms were downregulated in serum exosomes from old rats.
This analysis revealed several enriched functional categories and target genes, including genes involved
in the posttranslational modification of proteins, metabolic processes, cell communication, molecular
function, and intracellular signal transduction (Figure 4A).

2.5. KOG and KEGG Enrichment and Analyses

KOG was used to functionally classify mRNAs (766) regulated by the 19 exosomal miRNAs
that were differentially expressed between young and old rats. Among the resultant 25 KOG
classifications, genes involved in “signal transduction mechanisms” were the ones most commonly
targeted (151 genes), followed by “general function prediction only” (119 genes), “transcription”
(56 genes), “posttranslational modification and protein turnover” (55 genes), and “intracellular function
and secretion and vesicular transport “(40 genes) (Figure 4B).

KEGG is a comprehensive knowledge base for both functional interpretation and practical
application of genomic information [34]. KEGG pathway analysis identified 20 pathways that differed
significantly (p < 0.05) between exosomes of young and old rats (Figure 4C). Among these pathways,
the following were found to be involved in aging and lifespan: insulin resistance, mitogen-activated
protein kinase (MAPK) signaling, PI3 kinase (PI3K)–Akt signaling, mammalian target of rapamycin
(mTOR) signaling, toll-like receptor signaling, FoxO signaling, ErbB signaling, longevity-regulating
signaling, and resistance to inhibitors of epidermal growth-factor receptor (EGFR) tyrosine kinase
(Figure 4C).

2.6. Analysis of Pathways and Interaction Networks

We then carried out IPA for molecular pathways associated with serum exosomal miRNAs during
aging. The results showed that 163 IPA canonical pathways were predicted to be significantly related to
the expression of serum exosomal miRNAs, based on p< 0.05. The top 22 most strongly aging-associated
pathways targeted by miRNAs are shown in Figure 5A. Those discovered aging-related signaling
pathways included insulin, integrin, ErbB, neuregulin, mTOR, opioid, telomerase, phosphatase and
tensin homolog 10 (PTEN), insulin-like growth factor-1 (IGF-1), adenosine monophosphate-activated
protein kinase (AMPK), growth hormone, endothelial nitric oxide synthase (eNOS), nitric oxide,
fibroblast growth factor (FGF), cyclic adenosine monophosphate (cAMP), sphingosine, platelet-derived
growth factor (PDGF), docosahexaenoic acid (DHA), triggering receptor expressed on myeloid cells 1
(TREM1), and p53, suggesting that miRNAs target multiple biological pathways that modulate aging.

Figure 5B presents the IPA network results, and Table 2 lists the miRNAs involved in the nine
pathways. Similar to IPA results, the networks contained genes predicted to be involved in metabolism,
growth hormone signaling, and oxidative stress. As shown in Figure 5B, each pathway was linked with
several gene transcripts, and individual genes could be regulated by several miRNAs. This suggested
that the serum exosomal miRNAs that regulate crosstalk between pathways differ among young
and old rats. The most common proteins in the networks were eukaryotic translation initiation
factor 4E binding protein 1 (EIF4EBP1), insulin receptor (INSR), phosphoinositide dependent protein
kinase 1 (PDPK1), PTEN, paxillin (PXN), and IGF-1 receptor (IGF-1R) that were targeted by the most
prominent miRNAs (Figure 6A). Overall, the results establish putative functions between miRNAs
and their target mRNAs, molecular networks, and biological pathways that modulate the makeup
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of serum exosomal miRNAs in young versus old animals. Figure 6B shows one such example of
miRNA-mediated regulation.

Figure 4. Gene Ontology (GO) analysis, eukaryotic orthologous groups (KOG) functional classification,
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of target genes (mRNAs)
regulated by the 19 miRNAs that were differentially expressed between young and old rats. (A) GO
annotation of predicted targets. The top 10 most enriched GO terms are listed in terms for biological
process (BP), cellular component (CC), and molecular function (MF) based on p-values. (B) KOG
functional classification of target genes. The vertical axis represents the frequency of target genes
classified into the specific categories, and the horizontal axis represents the KOG functional classification.
(C) The top 20 most common KEGG pathways of the differentially expressed mRNAs regulated by the
19 miRNAs. Fold change > 1.5 and p < 0.05. GO, gene ontology; KOG, eukaryotic orthologous groups;
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 5. Ingenuity Pathway Analysis (IPA) of the differentially expressed miRNAs in serum exosomes
from young and old rats. (A) IPA showing the 22 most significant aging-related pathways involving
mRNAs, whose expression is regulated by differentially expressed miRNAs in serum exosomes from
young and old rats. Each Z score represents the upregulation or downregulation of gene expression
based on young vs. old. The black curve denotes the ratio between the number of the differentially
expressed target genes and the total number of genes in each of these pathways. (B) IPA-predicted
network for the differentially expressed miRNAs showing predicted targets and their association with
biological functions in aging-related signaling pathways governed by the following factors: growth
hormone signaling, mammalian target of rapamycin (mTOR) signaling, endothelial nitric oxide synthase
(eNOS) signaling, integrin signaling, insulin-like growth factor-1 (IGF-1) signaling, AMP-activated
protein kinase (AMPK) signaling, insulin receptor signaling, p53 signaling, and phosphatase and tensin
homolog 10 (PTEN) signaling.
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Figure 6. The most common target genes and mTOR pathway regulated by the differentially expressed
exosomal miRNAs. (A) EIF4EBP1, INSR, PDPK1, PTEN, PXN, and IGF-1R are the most common network
genes targeted by the prominent circulating exosomal miRNAs including miR-187-3p, miR-203b-3p,
miR-202-3p, miR-378a-3p, miR-199a-5p, and miR-145-5p. (B) IPA networks showing the regulatory
effects of the differentially expressed miRNAs from rat serum on mTOR signaling.
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Table 2. IPA of genes targeted by 19 miRNAs that were differentially expressed with age.

Ingenuity
Canonical
Pathways

−log (p-Value)
Related
miRNA

Target Genes Full Name

Insulin
receptor
signaling

4.48

miR-378a-3p PDK1 3-phosphoinositide-dependent protein kinase 1

miR-187-3p INSR insulin receptor

miR-202-3p 4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-199a-5p STX4 Syntaxin-4

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

mTOR
signaling 3.77

miR-378a-3p PDK1 3-phosphoinositide-dependent protein kinase 1

miR-187-3p INSR insulin receptor

miR-202-3p eIF4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-194-5p RAC Aryl-hydrocarbon-interacting protein-like 1

AMPK
signaling 2.84

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-187-3p INSR insulin receptor

miR-202-3p eIF4E-BP1 Eukaryotic translation initiation factor 4E-binding protein 1

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

eNOS
signaling 2.37

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-187-3p CASP8 caspase-8

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-122-5p CAT1 cationic amino acid transporter 1

miR-143-3p CASP8 caspase-8

IGF-1
signaling 2.94

miR-378a-3p PDK1, IGF-1R phosphoinositide-dependent kinase-1,
Insulin-like growth factor 1 receptor

miR-202-3p IGF-1R Insulin-like growth factor 1 receptor

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-145-5p IGF-1R, PXN insulin-like growth factor 1 receptor, Paxillin

miR-199a-5p PXN paxillin

PTEN
signaling 3.31

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-101b-3p BCL2L11, AKT bcl-2-like protein 11, RAC-alpha serine/threonine-protein kinase

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-532-5p NF-κB Nuclear factor NF-kappa-B

p53
signaling 2.13

miR-202-3p MDM4 protein Mdm4

miR-101b-3p AKT RAC-alpha serine/threonine-protein kinase

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-532-5p MDM4, Slug Protein Mdm4, Zinc finger protein SNAI2

miR-450b-5p MDM4 Protein Mdm4

miR-194-5p PAI-1 Glia-derived nexin

miR-199a-5p HIPK2 Homeodomain-interacting protein kinase 2

miR-143-3p HIPK2, Chk2 Homeodomain-interacting protein kinase 2,
Serine/threonine-protein kinase Chk2

Integrin
signaling 4.13

miR-378a-3p PARVIN-α parvin alpha

miR-101b-3p ASAP1,
PARVIN-α, AKT

arf-GAP with SH3 domain, ANK repeat and PH domain-containing
protein 1, parvin alpha, RAC-alpha serine/threonine-protein kinase

miR-145-5p PXN, CRKL Paxillin, Crk-like protein

miR-122-5p PDGFβ Platelet-derived growth factor subunit B

miR-203b-3p PTEN phosphatase and tensin homolog deleted on chromosome

miR-598-3p PARVIN-α parvin alpha

miR-199a-5p PXN Paxillin

Growth
hormone
signaling

2.44

miR-378a-3p PDK1 phosphoinositide-dependent kinase-1

miR-202-3p IGF-1R Insulin-like growth factor 1 receptor

miR-145-5p IGF-1R Insulin-like growth factor 1 receptor
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3. Discussion

The past two decades have witnessed the use of heterochronic blood exchange techniques,
including heterochronic parabiosis, heterochronic blood or plasma transfer, or heterochronic apheresis,
as tools for studying the biology of aging. Indeed, heterochronic blood exchange from a young to an
old animal resulted in rejuvenation, whereas accelerated aging in a young animal was observed after
heterochronic blood exchange from an old animal [5]. To explore the underlying mechanism, we used
Exo-NGS analysis to compare the expression profiles for mRNAs and miRNAs in serum exosomes
isolated from young and old rats. We Identified 68 miRNAs and 2844 mRNAs in serum exosomes that
were differentially expressed between young and old rats. In contrast to mRNAs, little is known about
changes in miRNA abundance in the aging process. For this reason, we focused on circulating miRNAs,
which serve as potential biomarkers and therapeutic targets for aging-related disease. To determine
how these circulating miRNAs affect aging, it is important to identify the targets for each miRNA. Our
data revealed that, of the 68 differentially expressed serum exosome miRNAs we identified, 19 were
predicated to target 766 differentially expressed mRNAs based on TargetScan analysis. Among the
19 miRNAs, 14 were more abundant in exosomes from old rats than from young rats, and five were
less abundant. These results are consistent with reports that the abundance of the majority of these
14 miRNAs including miR-150-3p, miR-378-3p, miR-199a-5p, miR-145-5p, miR-598-3p, miR-122-5p,
miR-194-5p, miR-203a-3p, miR-202-3p, miR-145-5p, and miR-532-5p, was elevated in blood or tissue
samples from older humans, mice and rats [17,35–41]. Our data also confirmed that miR-181a-5p and
miR-133a-3p decreased with age [40,42]. These 14 miRNAs have been linked with aging, and the
expression of some of them has been associated with cancer, longevity, inflammatory responses, and
aging-related neurodegenerative and cardiac diseases [17,36–46]. Collectively, the abundance of the
majority of our differentially expressed miRNAs has been previously reported to be altered with age,
suggesting roles for these miRNAs in lifespan. Interestingly, downregulation of miR-181a-5p in serum
exosomes from old rats correlates negatively with the expression of pro-inflammatory cytokines IL-6
and TNFα and correlates positively with that of the anti-inflammatory cytokines TGFβ and IL-10 in
the serum of rhesus monkeys [42]. Notably, the abundance of IL-6 and TNF-α has been correlated
with aging [47]. Therefore, certain exosomal miRNAs may contribute to aging by regulating systemic
inflammation, and the makeup of these miRNAs may serve as a biological signature of aging.

We used Blastp and GO to functionally annotate miRNA-regulated genes and, identified biological
processes that are altered by changes in exosomal miRNAs abundance changes with age. Among
these processes, the most highly represented and enriched terms were protein posttranslational
modification, metabolic process, cell communication, molecular function, and intracellular signal
transduction, implying that these miRNAs may provide a significant link between aging and multiple
biological processes through their regulation of target genes [48]. KEGG pathway analysis revealed
that the mRNAs targeted by these miRNA targets were enriched in known aging-related signaling
pathways [49–51]. The GO and KEGG analysis also revealed that most of the miRNA-targeted mRNAs
are involved in signaling pathways and biological processes, that are critical for aging, suggesting that
circulating miRNAs may help regulate the rate of aging and therefore are potential biomarkers for
aging. Any individual miRNA may have the potential to act on numerous target genes, and therefore,
multiple miRNAs have the potential to modulate numerous biological pathways. Hence, the impact of
miRNAs on any particular pathway(s) can be assessed most effectively by examining any synergism
between the miRNAs [52]. To further investigate how any single miRNA-mRNA interaction regulates
aging-related pathways, we performed IPA and found that the altered circulating miRNAs target the
signaling pathways governed by insulin, integrin, mTOR, AMPK, PTEN, IGF-1, growth hormone,
eNOS and p53, which are crucial pathways in aging and lifespan [49–51]. For example, we found that
miRNA-187-3p can regulate INSR mRNA and that miRNA-378a-3p andmiRNA-202-3p can regulate
IGF-1R mRNA. Studies have documented an inverse correlation between cellular miRNA-187 levelss
and glucose-stimulated insulin secretion [53] and that miRNA-378a may play a role in insulin resistant
and the consequent of obesity [54]. It is well documented that the insulin/IGF-1 pathway plays a
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critical role in aging and longevity across a wide spectrum of species [55–57]. Evidence includes
that either reducing the level of circulating IGF-1 or reducing the expression of IGF-1R increases
longevity [57]; moreover, the loss of one allele of the Igf-1 receptor increases the lifespan of mice by
33% [58]. We also found that miR-187-3p, miR-202-3p, and miR-378a-3p regulate the mRNA levels of
INSR, EIF4EBP1 and PDK1, the genes for which are targeted by) mTOR signaling pathway. The mTOR
pathway integrates both intracellular and extracellular signals and serves as a central regulator of cell
metabolism, proliferation and survival, and it also controls lifespan by regulating translation through
activation of p70S6K and inhibition of the translation repressor eIF4EBP [59]. For example, knocking
down three translational regulators, namely eIF4E, eIF4G, and eIF2B homologs, in C. elegans extends
worm lifespan [60–62], and modulation of the translation of their mRNAs by a dominant-negative
form of TOR extends lifespan [63]. Recent studies have shown that the lifespan of different mouse
strains can be extended significantly when mTOR inhibitor of rapamycin is administrated [64,65].
There is no clear explanation how a reduction in signaling via mTOR or insulin/IGF-1 affects lifespan.
However, one potential explanation is that global mRNA translation is reduced after inhibiting either
of these signaling pathways, which may reduce the burden and energetic demands associated with
protein folding, repair, and degradation, thus maintaining better overall protein homeostasis [51].
Our findings support this hypothesis.

In addition to the insulin/IGF-1 and mTOR pathways, many other signaling pathways, such as
the PTEN pathway, also modulate lifespan [66]. Indeed, PTEN has significant implications for
extending human longevity through its antioxidant activity and contribution to the benefits of caloric
restriction as well as its involvement DNA-damage reduction, inhibition of DNA replication, and
tumor suppression [67]. We found that miR-203b-3p can target PTEN. Notably, signaling pathways,
such as the insulin/IGF-1, mTOR and PTEN pathways, may individually regulate aging and lifespan.
However, these signaling networks are not autonomous but connected through some specific mediators.
For instance, mTOR has two complexes, namely mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2) [59]. mTORC1 is regulated by Akt, and mTORC2 is an Akt activator [68]. PI3 kinase
signaling activates mTORC2, which in turn activates a number of other kinases, including PKCα.
Consistently, we found that the EIF4EBP1, INSR, PDPK1, PTEN, PXN, and IGF1R overlap and are
regulated by at least two circulating miRNAs, and each of these pathways may play a unique role in
aging [49–51].

Taken together, our findings suggest that changes in the makeup of circulating exosomal miRNAs
with age not only can be considered as a potential predictor of animal age but also may contribute
to aging via several key signaling pathways that regulate aging and lifespan. It will be important to
identify and understand the mechanisms of rejuvenation and accelerated aging, because the findings
concerning rejuvenation can potentially reverse deleterious processes of aging, whereas the findings
concerning accelerated aging may pinpoint potential pathways for interventions that may slow the rate
of aging and the incidence of aging-related disease. The challenge for the future will be to determine
how these mediators map onto the different pathways and interact with each other, and to decipher
how they contribute to the molecular mechanisms in aging.

4. Materials and Methods

4.1. Isolation of Serum Exosomes

Whole blood was collected from young (three-month-old) or old (22-month-old) rats (n = 6
per group) via cardiac puncture into BD Vacutainer®Plus Glass Serum blood collection tubes
(Becton Dickinson, NJ, USA). Whole blood samples were allowed to clot by standing at room
temperature for 30 min, and the clots were removed by centrifugation for 10 min at 1000× g at 4 ◦C.
The isolated serum samples were aliquoted and stored at −80 ◦C.

Serum exosomes from young or old rats were isolated using the ExoQuick Exosome precipitation
kit (System Biosciences, CA, USA). Briefly, serum (500 μL) was centrifuged at 3000× g for 15 min at
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4 ◦C to eliminate cells and cell debris. The supernatant was transferred to a sterile micro-tube, and an
appropriate volume of exosome precipitation solution from the kit was added, with incubation for
30 min at 4 ◦C. The mixture was then centrifuged at 1500× g for 30 min at 4 ◦C, and the exosome pellet
was re-suspended in sterile phosphate-buffered saline at 4 ◦C.

4.2. Characterization of Serum Exosomes

Both the concentration and average size of the isolated serum exosomes were determined by
nanoparticle-tracking analysis (NTA) using the Exosome Nanosight Analysis Service of System
Biosciences (Palo Alto, CA, USA). The serum exosomes were also observed using transmission electron
microscopy (TEM, FEI Tecnai G2 Spirit BioTwin, OR, USA) to determine morphology and the extent
of dispersion, this analysis was performed at the Electron Microscopy Core Facility at the University
of Texas Southwestern Medical Center, TX, USA. The enrichment of exosomes was determined by
Western blotting using antibodies against exosomes components such as CD63 andCD9.

4.3. Western Blotting

Serum exosomes were lysed in RIPA buffer and the protein concentration was determined using
the Quick Start Bradford protein assay (Pierce™ BCA Protein Assay kit, Thermo Fisher Scientific, MA,
USA). The lysates (10 μg) were electrophoresed through 8–12% SDS-PAGE gels, and the separated
proteins were transferred to a nitrocellulose membrane. The membrane was incubated in blocking
buffer (5% milk in Tris-buffered saline with 0.05% w/v Tween-20) for 1 h at room temperature and
then incubated overnight at 4 ◦C with mouse antibody against rat CD63 (1:1000, BD Pharmingen,
CA, USA) and CD9 (1:1000, BD Pharmingen). Immunopositivity was detected with a horseradish
peroxidase (HRP)—conjugated secondary antibodies and the Pierce enhanced chemiluminescence
(ECL) substrate (Thermo Fisher Scientific, MA, USA). The data were recorded and analyzed using the
ChemiDoc Imaging System (Bio-Rad).

4.4. Isolation of Total RNA fromEexosomes and Next-Generation RNA Sequencing

Total RNA was isolated from serum exosomes using the SeraMir Exosome RNA Purification
Column kit (System Biosciences, CA, USA). For each sample, 1 μL of the final RNA eluate was used
for measurement of RNA concentration with the Agilent Bioanalyzer Small RNA Assay using the
Bioanalyzer 2100 Expert instrument (Agilent Technologies, Santa Clara, CA, USA). Serum exosomal
RNAs (N = 6 each group) were sent to the Exo-NGS™ (Exosomal RNA-Seq) services for next-generation
RNA sequencing (System Biosciences, CA, USA) using small RNA libraries. Next-generation RNA
sequencing was performed on an Illumina NextSeq instrument (Illumina, CA, USA) with 1 × 75 bp
single-end reads at an approximate depth of 10–15 million reads per sample.

4.5. Data Processing

Raw data were analyzed using an integrated UCSC genome browser on the Banana Slug analytics
platform (UCSC, CA, USA). Briefly, the exosome Small RNA-seq Analysis kit was initiated with a data
quality check of each input sequence using FasQC (Wellcome Sanger Institute, UK) an open-source
quality control tool for analyzing high-throughput sequence data. Following the quality-control step,
the RNA-seq reads were processed to detect and remove unknown nucleotides at the ends of reads,
trim sequencing adaptors, and filter reads for quality and length, using FastqMcf, which is part of the
EA-utils package (ExpressionAnalysis, NC, USA) and PRINSEQ (http://prinseq.sourceforge.net/, USA).
FastQC was then repeated to analyze the trimmed reads, thus allowing a before and after comparison.
Sequence reads in the improved set were mapped to the reference genome using Bowtie, an ultrafast,
memory-efficient short-read aligner. Expression analyses, including computation of read coverage and
noncoding RNA abundance, were performed using the open-source software SAMtoolsand Picard
(Github, CA, USA).
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4.6. Bioinformatics Analysis

After data processing, expression statistics for the normalized reads were evaluated using analysis
of variance to identify differentially expressed genes. Differentially expressed genes were selected
if the fold changes (FC) in expression was > 1.5 with a p-value < 0.5. From the data set of miRNAs
and mRNAs for which expression was significantly altered between serum exosomes isolated from
young and old rats, the potential regulation of a mRNA by a particular miRNA was predicted with
TargetScan (http://www.targetscan.org/, MIT, MA, USA). The paired miRNAs and mRNAs were used
for further analysis.

Hierarchical cluster analysis (HCA) is an algorithmic approach to identify groups with varying
degrees of (dis)similarity in a data set represented by a (dis)similarity matrix. This analysis was
carried out with the Pheatmap package (https://CRAN.R-project.org/package=pheatmap, Estonia).
The volcano plot is a type of scatter-plot that can quickly identify changes in individual data in large
data-sets composed of replicate data; ggplot2 package (http://ggplot2.org, New Zealand) was used for
this purpose.

4.7. Gene Ontology (GO) and Pathway Enrichment Analysis

The biological function of each protein was annotated with Blastp (Blast2GO version 5, BioBam
Bioinformatics, Spain) using the entire gene-expression database, and subsequent mapping was
carried out with the GO database (www.geneontology.org/, Gene ontology resource, USA). To further
understand the biological significance of differentially expressed exosome proteins, pathway analysis
was carried out with the KEGG Orthology-Based Annotation System (http://kobas.cbi.pku.edu.cn,
China). The association of proteins with different pathways was computed using the KEGG database
(www.genome.jp/kegg, Japan). EuKaryotic Orthologous Groups (KOG) Analysis was based on
the phylogenetic classification of proteins encoded in the complete genomes (www.ncbi.nlm.nih.
gov/COG/, NCBI, MD, USA) project. IPA (QIAGEN, Germany) was used for additional functional
annotation, including top canonical pathway, top disease and function and molecular and cellular
functions, prediction of upstream, regulator effectors, and miRNA–mRNA relationship and interaction
network analysis.

4.8. Statistical Analysis

For the GO analysis, statistically significant alterations in functions of differentially expressed
exosome proteins were assessed with Fisher’s exact test in Blast2GO with an adjusted p-value
(false discovery rate, FDR) of <0.05 and fold change > 1.5. The statistical significance of changes in
pathways identified with IPA was assessed with the right-tailed Fisher’s Exact test. A p-value of < 0.05
implies that the relationship of a set of targeted molecules and a process/pathway/transcription was
randomly matched. A Z score of ≥ 2 or ≤ −2 indicated significant activation or significant inhibition,
respectively. For all analysis, the difference was considered significant for p < 0.05.
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Abstract: Exceptionally long-lived individuals (ELLI) who are the focus of many healthy longevity
studies around the globe are now being studied in Israel. The Israeli Multi-Ethnic Centenarian
Study (IMECS) cohort is utilized here for assessment of various DNA methylation clocks. Thorough
phenotypic characterization and whole blood samples were obtained from ELLI, offspring of ELLI,
and controls aged 53–87 with no familial exceptional longevity. DNA methylation was assessed using
Illumina MethylationEPIC Beadchip and applied to DNAm age online tool for age and telomere
length predictions. Relative telomere length was assessed using qPCR T/S (Telomere/Single copy
gene) ratios. ELLI demonstrated juvenile performance in DNAm age clocks and overall methylation
measurement, with preserved cognition and relative telomere length. Our findings suggest a favorable
DNA methylation profile in ELLI enabling a slower rate of aging in those individuals in comparison
to controls. It is possible that DNA methylation is a key modulator of the rate of aging and thus the
ELLI DNAm profile promotes healthy longevity.

Keywords: healthy aging; DNA methylation; epigenetic clocks; telomere length; centenarians

1. Introduction

Healthy aging is usually characterized by preserved cognitive and motor functions. A unique
group of aging individuals termed centenarians serves as a healthy aging model, outliving the age of
100, with mostly intact cognition and physical health [1–3]. Such exceptionally long-lived individuals
(ELLI) are the focus of many studies around the world [4–12], and this group is now being studied in
Israel as well. Our newly established cohort of ELLI is part of the Israeli Multi-Ethnic Centenarian
Study (IMECS), which aims to elucidate the mechanisms of their healthy aging process.

Two of the most-studied hallmarks of aging [13] are DNA methylation and telomere attrition.
Telomere shortening has long been documented to have inverse correlation with age [14–17], with mean
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telomere length (TL) considered a marker for cellular senescence and aging [18–20]. Alongside this
inverse correlation, mean TL has also been strongly correlated with several age-associated diseases [21–25],
adding significance to the negative outcomes of telomere shortening. That said, longer TL has been
associated with exceptional longevity [2,26] through several potential mechanisms [27]. Telomere
length is commonly measured by southern blot or by quantitative PCR. The latter method has gained
popularity for its ease of use and robustness [2,28–34].

The other hallmark of aging, DNA methylation, increases with age, mostly through a phenomenon
termed epigenetic drift [35]. The DNA methylation of centenarians, however, seems to be slightly lower,
hinting at a mechanism promoting healthy aging. A study performed on semi-supercentenarians
(ages 105–109 years) and their offspring demonstrated that the semi-supercentenarians and their
offspring displayed younger “epigenetic age” (calculated on DNA methylation values) with
age-matched controls (to the offspring) displaying same “epigenetic age” as actual age [36]. There are
several such “epigenetic age” estimators which are mostly developed and utilized using standardized
DNA methylation data [35,37–41]. There are various methods for measuring DNA methylation,
with the most recently developed Illumina MethylationEPIC beadchip array serving as a thorough,
genome-wide, standardized method. Recently, Lu et al. developed two clocks, one for telomere
length and one for age, based on DNA methylation levels measured using the Illumina arrays [42,43].
To this date, the DNAmTL or DNAmGrimAge have not been used on DNA methylation data of
ELLI. DNAmTL uses 140 CpG sites to estimate telomere length in Kb, while DNAmGrimAge uses
12 sub-DNAm-measures, alongside age and gender, to estimate physiological age with an addition of
an estimate of time-to-death termed DNAmAccelGrim. Prior to the development of DNAmGrimAge,
the same team developed DNAmPhenoAge, a DNA methylation-based aging biomarker that utilizes
513 CpGs to predict the phenotypic age of an individual [44].

The current study utilizes the IMECS cohort (consisting of ELLI, offspring of ELLI, and controls
aged 53–87 with no familial exceptional longevity) to compare between the different DNAm clocks and
actual phenotypic measures (such as relative telomere length measurements, cognitive performance,
and actual age) from the IMECS cohort. We hypothesize that the DNAm age biomarkers and molecular
phenotype of ELLI do not differ from those measures in the much younger offspring and control
populations. These efforts aim to add knowledge on the phenotype of exceptional longevity and perhaps
point at potential therapeutic avenues that might aid in cognitive and physical health preservation or
even improvement (as suggested by Fahy et al. [45]).

2. Results

2.1. DNA Methylation

DNA methylation raw data of all 70 IMECS participants (described in Tables A1 and A2) were
normalized using Noob normalization, and beta values of all CpG sites passing QC filtering were used
to calculate mean beta for each sample, as a measure for global DNA methylation. As can be seen
in Figure 1A, the mean beta value for the centenarian group is slightly lower than that of the control
group, however this difference was not significant. Lack of significance in this value surprisingly
shows great similarity in whole-genome methylation percentage between the groups, hinting at a
juvenile methylation profile for ELLI, seeing as global DNA methylation is known to increase with
age [35,46]. This similarity is continued, as expected, in the offspring group, demonstrating slightly
lower average beta value compared to control as well. In Figure 1B the decrease in methylation with
age is easily visible, and contradicting the increase reported by Hannum et al. [35].
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Figure 1. Mean methylation by group. Methylation levels measured via Illumina MethylationEPIC
beadchip, converted to beta values with preprocessNoob to remove background read signal through
Minfi R package. Ncontrol = 28, NELLI = 24, and Noffspring = 17 (one outlier removed). Difference
between groups found non-significant by one-way Kruskal–Wallis analysis. (A) Mean beta values
per group, meancontrol = 0.596 ± 0.012, meanELLI = 0.593 ± 0.008, and meanoffspring = 0.592 ± 0.011.
(B) Linear regression of mean beta values over age, non-significant.

2.2. DNAm Age Clocks

We used two recently developed epigenetic clocks, DNAmPhenoAge [44] and DNAmGrimAge [42],
both developed by the Horvath group at UCLA. In short, DNAmPhenoAge is an age clock based on
beta values of 513 CpG sites established via correlation with clinical markers, and DNAmGrimAge,
the more recent and accurate clock, relies on 12 different sub-DNAm-estimators alongside actual age
and gender. Both clocks aim to describe health and lifespan predictions through clinical and phenotypic
measurements. Both clocks predict younger age of our groups (Figure 2), with DNAmGrimAge
outperforming DNAmPhenoAge, and the ELLI estimations are the most juvenile (differences between
actual age and clocks is largest). The differences between chronological age and DNAmGrimAge in
the control and offspring groups were very slight (Tables A3 and A4), whereas the DNAmPhenoAge
consistently underestimated the ages of control and offspring participants. This performance is
consistent with the DNAmGrimAge performance in the validation data used by the developers, yet is
the first to be reported in ELLI, whose ages were calculated to be younger by DNAmGrimAge.

Figure 2. Comparison of actual age and two age clocks. DNAmGrimAge and DNAmPhenoAge
calculated by applying methylation beta values to DNAm online tool [37]. Ncontrol = 28, NELLI = 24,
and Noffspring = 18.
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Further, there is a high correlation between chronological age and both DNAm clocks
(Figure 3), with DNAmGrimAge outperforming DNAmPhenoAge in actual age prediction.
Though DNAmGrimAge is more closely related to chronological age (especially due to the use
of actual age as a parameter of DNAmGrimAge), DNAmPhenoAge was originally designed to capture
a phenotypic age (rather than chronological age). As depicted by our results, the phenotypic age
prediction was lower than the chronological age especially for ELLI, indicating a juvenile phenotype of
this group. With this high correlation in mind, we proceeded to examine correlation between age and
DNAm clocks with cognitive state of IMECS participants. For this extent, we used the Mini-Mental
State Exam (MMSE) questionnaire score as a measure for the cognitive impairment of participants.
This assessment revealed no significant correlation between MMSE score and age in neither group
(Figure 4).

Figure 3. Chronological age vs. DNAm epigenetic age clocks. Ncontrol = 28, NELLI = 24, and
Noffspring = 18. (A) DNAmPhenoAge as a function of chronological age, R2 = 0.716, p < 0.001.
(B) DNAmGrimAge as a function of chronological age, R2 = 0.919, p < 0.001. Linear regressions
performed and plotted using JMP 14 (SAS Institute Inc., Cary, NC, USA).

R2 = 0.006 R2 = 0.155 

A B C 

R2 = 0. 113 

Figure 4. Cognition vs. age. Mini-Mental State Exam scores used for measuring cognitive impairment.
(A) MMSE score of controls as a function of chronological age, N = 28, p = 0.7021. (B) MMSE score of
ELLI as a function of chronological age, N = 21, p = 0.0776. (C) MMSE score of offspring as a function
of chronological age, N = 16, p = 0.2021.

2.3. Telomere length

Finally, we turned to telomere length measurement using qPCR and the DNAm estimator of
telomere length, DNAmTL. Our qPCR results did not demonstrate different T/S ratios between the
three groups (Figure 5 and Table A5). However, the DNAmTL estimator found the telomeres of
ELLI to be approximately 500 bp shorter compared to the control and offspring groups (Figure 6 and
Table A6). When comparing T/S ratio and DNAmTL (Figure A1), there is no correlation between the
two TL measures. Interestingly, when T/S ratio is tested between ELLI and controls with adjustment
by DNAmGrimAge, it approaches significant correlation (p = 0.0508), hinting at a masking effect of the
physiological age (representing juvenile methylation levels of centenarians) on the T/S ratio obtained
with qPCR.
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Figure 5. Average T/S ratio as measured by qPCR. T/S ratio obtained by dividing concentration of
telomeric reaction by concentration of SCG (Single Copy Gene) reaction, as calculated using standard
curve reactions. NELLI = 12, Ncontrol = 17, and Noffspring = 12. All pair comparison (Dunn Joint
Ranking) non-significant.

Figure 6. DNAmTL calculated using the online tool. DNAmTL was calculated by applying methylation
beta values of 140 CpGs to online tool [37]. Ncontrol = 28, NELLI = 24, and Noffspring = 18. * Significant
differences, p <0.05.

3. Discussion

Many studies are aimed at biomarker discovery and improvement for aging [38,41,42,44,47–52].
The need for such characterization is of upmost importance in light of efforts to achieve longer health
and lifespans across the world. Such biomarker detection would enable tracking and even reversal [45]
of aging processes and allow for drug targeting and development to benefit the already graying
population. Molecular and genomic biomarkers for aging are still sparse and inaccurate with the
exception of the very recent development of DNAmGrimAge [42]. This DNA methylation biomarker
outperforms all previously reported methylation age estimators and serves as a very accurate estimate
of chronological age. Although this is expected due to the use of chronological as a surrogate for the
age prediction, DNAmGrimAge, as DNAmPhenoAge, also serve as an evaluation of health status,
indicative of the rate of epigenetic aging. Use of such biomarkers as indication of rate of age acceleration
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could promote better understanding of the processes underlying progression of aging and replace use
of chronological age in clinical assessments relating to those conditions.

That said, the centenarian DNAm still remains elusive, even to the most accurate DNAmGrimAge.
We show here that although accurate in offspring of ELLI and unrelated controls, DNAmGrimAge,
along with DNAmPhenoAge, underestimates the chronological age of our IMECS ELLI participants,
predicting a younger epigenetic age. We believe that this represents a slower rate of aging processes
occurring in ELLI, and enabling them to reach such exceptional chronological age. This is in
agreement with the methylation profile of semi-supercentenarians and their offspring, described by
Horvath et al. [36], and replicates their results in our independent cohort.

The juvenile DNAm profile demonstrated in our cohort together with mostly intact cognition
add support to the idea that ELLI age at a slower rate. Even though there was a small decline in the
MMSE scores of the ELLI, this decline was not statistically significant, indicating intact cognition in the
majority of the ELLI participants.

Further, DNAmTL estimated telomere length compared to T/S ratio of qPCR measurement showed
no correlation with each other, until adjusted by DNAmGrimAge, at which the correlation approached
significance. This masking effect of the physiological age (measured by DNAmGrimAge) adds support
to the slower rate of aging. Telomere length has long been argued for and against use as an age
indicator, but it is well-established to be decreased with age. Our qPCR measurements are consistent
with previous observations of longer telomeres in ELLI [2]. While T/S ratio of the ELLI was expected
to shorten in respect to offspring and controls because of their relatively advanced age, it remained
unchanged, indicating a similar telomere length despite almost 30 years average age difference between
group participants, demonstrating once again, a decreased aging rate. Taken together with the juvenile
methylation rates in ELLI, we suggest that ELLI age slower than the general population through
a beneficial methylation profile that may affect telomere length and other aspects of the hallmarks
of aging.

To further draw conclusions, there is a need for bigger sample size and thorough molecular
validation. We acknowledge that these are limitations in our current study and are already planning to
pursue various directions for validation of our results. In addition, since the work presented here is
part of an ongoing study, new IMECS participants are recruited and new recruitment centers should be
established to increase ease and rate of recruitment. We believe that with adequate sample size and
further validation in primary cells from participants we will be able to obtain more information on the
juvenile epigenetic profile of ELLI and their offspring.

4. Materials and Methods

4.1. Ethics Statement

All IMECS participants gave their informed consent for inclusion prior to participation and blood
collection. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Clinical Trials Department, Ministry of Health, Israel (project
109-2014) and by the Institutional Review Board at the Rambam Health Care Center in Haifa, Israel
(project RMB 0312-14). Any person over 95 years of age was included in the study with the exclusion
of persons cognitively unable to sign informed consent and cognitively impaired persons with no legal
guardian. For the offspring group, people with one or more parent outliving the age of 95, either alive
or deceased at the time of recruitment, and cognitively able to sign informed consent were included.
For the control group any person in the range of 50–90 years of age both of whose parents did not
reach 95 years of age and cognitively able to sign informed consent were included.

4.2. Sample Collection and Preparation

All IMECS participants (for demographic information see Tables A1 and A2) underwent physical
and cognitive assessment including family history, general health questions, functional assessment
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including Instrumental Activities of Daily Living (IADL) and Basic Activities of Daily Living (BADL),
Mini-Mental State Examination (MMSE), and the 12-item Short Form Health Survey (SF-12). Following
this assessment, 20 mL whole blood was drawn from each participant. White blood cells were separated
using lymphocyte separation medium (LSM, MP Biomedicals, LLC, CA, USA) and DNA extracted
using High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to manufacturer instructions and quantified using dsDNA High Sensitivity Kit for Qubit
(Life technologies Corporation, Eugene, OR, USA) and Qubit (Life Technologies Corporation, Carlsbad,
CA, USA).

4.3. DNA Methylation Analysis

For detection of DNA methylation, 500 ng DNA were subjected to bisulfite sequencing and
hybridized to Illumina MethylationEPIC beadchip at the Technion Biomedical Core Facilities,
Rappaport Faculty of Medicine, Haifa, Israel. Raw data underwent an analysis pipeline using
Minfi [53] and BumpHunter [54] (Bioconductor R packages) for quality control and statistical
analyses. PreprocessNoob was used for background correction through dye-bias normalization.
DNAmTL and all age estimators were obtained using the online tool developed by Lu et al.
(https://dnamage.genetics.ucla.edu/home) [37].

4.4. Quantitative PCR for Relative Telomere Length Assessment

Average relative telomere length was measured as previously described [2,28,31,32] with
modifications. IFNB1 was used as a single copy gene as published by Vasilishina et al (primer
sequences detailed in Table A7). qPCR reactions mixes were prepared according to Table A8 with a
standard curve performed for each run. qPCR run in LightCycler 480 II (Roche Diagnostics International
Ltd, Rotkreuz, Switzerland) under following conditions: pre-incubation at 95 ◦C for 10 min, 35 cycles
of 95 ◦C for 15 s, 60 ◦C for 60 s, and 72 ◦C for 10 s, followed by melting curve at 95 ◦C for 5 s, and 65 ◦C
for 60 s. Triplicates for each sample were performed and concentration of sample calculated according
to same-run standard curve and averaged for each sample. Relative telomere length (T/S ratio) of each
sample was calculated as the ratio between average concentration of telomere reactions to the average
concentration of the single copy gene reactions.

4.5. Statistical Analyses

All analyses and plots generated and analyzed using JMP 14 (SAS Institute Inc., Cary, NC, USA).
For all analyses, p-values < 0.05 were considered significant.
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Abbreviations

IMECS Israeli Multi-Ethnic Centenarian Study
ELLI Exceptionally Long-Lived Individuals
DNAm DNA methylation
qPCR Quantitative Polymerase Chain Reaction
MMSE Mini-Mental State Exam
CpG Cytosine Guanine dinucleotide
TL Telomere Length

Appendix A

Table A1. Age distribution of Israeli Multi-Ethnic Centenarian Study (IMECS) participants.

Group Number of Participants Mean Age STDEV Min Age Max Age

ELLI 24 97.1 2.04 95 102
Offspring 18 70.4 6.25 60 82
Control 28 69.7 9.1 53 87

Table A2. IMECS demography.

Group
Gender

% Smokers
Education level

F M Elementary High School College Degree NA

ELLI 12 12 57% 4 10 7 3
Offspring 12 6 37% 1 3 12 2
Control 20 8 39% 0 7 21 0

Table A3. One-way analysis of each age measurement through groups.

Age Measure Group Pairs Kruskal-Wallis P-Value Wilcoxon Post-Hoc

DNAm PhenoAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.5969

DNAm GrimAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.9731

Table A4. Repeated measures test within and among groups.

Measurement Pairs Within Pairs P-Value Among Pairs P-Value

DNAmPhenoAge—actual age <0.0001 <0.0001
DNAmGrimAge—actual age <0.0001 <0.0001

DNAmGrimAge—DNAmPhenoAge 0.7812 <0.0001

Table A5. Distribution of average T/S ratio.

Group Median Average T/S Minimum Average T/S Maximum Average T/S

ELLI 1.01 0.61 5.91
Offspring 1.11 0.33 4.23
Control 0.95 0.39 2.73
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Table A6. One-way analysis of DNAmTL measurements.

Group Pairs ANOVA P-Value Tukey Post-Hoc

ELLI—Offspring

<0.0001

0.0003

ELLI—Control <0.0001

Control—Offspring 0.3388

Table A7. Telomere length qPCR primer information.

Primer Name Primer Sequence Working Concentration

Telo-F CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 10 μM
Telo-R GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 10 μM

IFNB1-F GGTTACCTCCGAAACTGAAGA 7.5 μM
IFNB1-R CCTTTCATATGCAGTACATTAGCC 7.5 μM

Table A8. Telomere length qPCR reaction volumes per 1 reaction.

Reagent Telo Reaction IFNB1 Reaction

Ultra-Pure Water (Bio-Lab ltd, Jerusalem, Israel) 6 μL 4 μL

SYBR green (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) 10 μL 10 μL

F primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 0.2 μL 0.6 μL

R primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 1.8 μL 1.4 μL

Genomic DNA (5 ng/μL) 2 μL 4 μL

Figure A1. T/S ratio vs. DNAmTL. DNAmTL as a function of T/S ratio (telomeric concentration divided
by SCG concentration).
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