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SUMMARY 

 

One of the global problems of humanity is preserving the quality of life as the average age of the 

population rises. At the same time, a significant increase in the proportion of the elderly in developed 

countries populations has resulted in an increase in mortality caused by major old age diseases, which 

has the causative factor on human age-related processes, such as osteoarticular disease, metabolic 

disorders, sarcopenia, neuropathy, and cognitive impairment. As a result, it is not a coincidence that 

the concept of healthy Ageing is one of the top priorities of the World Health Organization (WHO), in 

line with the Global strategy and action plan on ageing and health 2016–2020 and the related UN Decade of 

Healthy Ageing (2021–2030), following a multisectoral action for a life course approach to healthy 

ageing. This strategy for achieving healthy ageing addresses global priorities to improve the majority 

of health problems of older age, which are related to chronic conditions; luckily, many of these can be 

slowed down or even kept in check by healthy behaviors. In addition, its necessary take into account 

that although total life expectancy increases, the 'healthy' life span is always the same, lengthening the 

'sick' life span without ameliorating the characteristics of human longevity. Therefore, even at a very 

advanced age, physical activity and good nutrition can help maintain health and well-being, bringing 

powerful benefits. Thus, health problems and declines in the body's functional capacities can be 

managed effectively, especially if detected early enough. Since ageing is a complex and inevitable 

biological process associated with numerous chronically debilitating health effects, developing 

effective and early intervention strategies for healthy ageing is an active and challenging research area. 

Indeed, these strategies can ensure an acceptable level of health during the ageing process, especially 

for people with deteriorating cognitive, motor, and metabolic abilities. In this context, an appropriate 

dietary regimen and the use of nutraceuticals based on natural extracts can have significant beneficial 

responses to counteract stress and diseases during ageing. Based on recent findings, nutraceuticals are 

value-added dietary supplement products having immense potential in modulating key mechanisms 

and functions related to ageing, acting mainly to restore the impaired physiological mechanisms and 

metabolic processes. In this context, this PhD thesis aims to clarify from an experimental scientific point 

of view the mechanism of action of some "food supplements" useful in the field of health improvement 

during Ageing. Notably, it reported new advanced strategies based on dietary supplements and 

natural products (chosen by their biological properties on the target site), analyzing their beneficial 

effects related to the down-regulation of the biological processes in the specific field, including 1) 

neurodegenerative disorders and cognitive impairment; 2) peripheral nervous system dysfunction; 3) 

metabolic syndrome and cardiovascular disease; 4) sarcopenia and osteoporosis; 5) osteoarticular 

disorders and osteoarthritis. 

As a concerning the field 1) neurodegenerative disorders and cognitive impairment, is important to 

remind that ageing exerts a progressive general decline in health and well-being, showing a link 

between brain ageing and the inhibition of growth/survival factors production. In this context, recent 

studies have found abnormal brain-derived neurotrophic factor (BDNF) levels involved in the 

pathogenesis of various diseases of the central nervous system (e.g., stroke, depression, anxiety, 

Alzheimer’s disease, and Parkinson’s disease). Regulation of BDNF signaling may represent a potential 

treatment for several nervous diseases. The decay that occurs during Ageing can have central or 
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peripheral aspects. This thesis contains the results of experiments aimed at investigating the possibility 

of attenuating both of these manifestations. To investigate the central damages related to Ageing, both 

in vitro and in vivo, the possibility of orally administering a BDNF-based supplement and its efficacy 

in promoting endogenous protection on the main mechanisms leading to neurodegeneration were 

explored. In particular, the main important findings include for the first time that BDNF SKA can cross 

both intestinal and blood brain barrier (BBB) and can stimulate BDNF endogenous production leading 

to improved neuroplasticity. In addition, the new SKA method (sequentially kinetic activated, a 

particular type of preparation which allows the administration of doses of active ingredient in 

physiological amounts) revealed a possible important application to modulate the dose of the drug, 

maintaining the safety of the use and the beneficial properties of the molecule prepared by SKA 

method. Furthermore, BDNF SKA exerted beneficial effects on the metabolism of the proteins 

apolipoprotein E, β-amyloid and Sirtuin 1, thus contributing to maintain the health of both neurons 

and astrocytes. Thus, the BDNF prepared in this way confirms its ability to slow down the mechanism 

related to ageing and counteract the cognitive decline also related to neurodegenerative diseases. At 

the same time, neurotrophins, such as BDNF, are considered new biomarkers valuable to explore 

another key aspect of ageing involving other pathological conditions, included in the area of field 2, 

peripheral nervous system dysfunction. In particular, the second experimental phase took into 

consideration neuropathic pain such as that caused by a lesion or disease of the somatosensory system, 

which often affects elderly people. Moreover, elderly patients are often poly-medicated with a growing 

risk of drug interaction and recurrent hospitalization. Since some standard pharmaceutical therapies 

can cause dependence or intolerance, non-pharmacological treatments, such as food supplements, 

have gained great interest in recent years. In this context, the beneficial effects on peripheral nerves of 

palmitoylethanolamide (PEA) and Equisetum Arvense were evaluated with the hypothesis of using 

them as a new food supplement. Since the main route of administration in humans is oral, it is essential 

to first analyze the bioavailability of the combination of the two active ingredients in an in vitro 3D 

intestinal barrier to mimic the human oral intake and, secondly, in an in vitro 3D nerve tissue model to 

modulate the intracellular mechanisms involved in peripheral neuropathy. The results obtained 

demonstrate, for the first time, the efficacy of PEA and Equisetum Arvense in modulating the nerve 

recovery mechanism after Schwann cell injury and offering the initial response in relieving pain after 

first-pass metabolism. The therapeutic potential of natural remedies may apply to other ageing 

diseases, such as metabolic disorders and musculoskeletal diseases, which are also related to 

neuropathic pain. In fact, as part 3 of this thesis, the possibility of controlling the changes in cholesterol 

metabolism, which are at the basis of metabolic syndrome and cardiovascular diseases, was 

investigated using plant-extracted active ingredients. Indeed, it is widely accepted that abnormal 

cholesterol levels in the blood are risk factors for cardiovascular diseases, such as hypercholesterolemia 

which often cause severe cardiovascular events. There are well-established treatment options available 

to prevent the occurrence of atherosclerosis due to LDL-hypercholesteremia, including statins. 

However, more information about the safety of this treatment needs to be obtained as statins can 

induce myopathy and other serious diseases in chronic use. To overcome this problem, some 

nutraceuticals with the same activity as statins may be promising options for preventing and treating 

hypercholesterolemia. Therefore, in this field 3, the effectiveness of a new food supplement, called 

Esterol10®, based on a combination of natural extracts, was evaluated by analyzing the biological 
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mechanisms and processes involved in cholesterol metabolism comparing data with Atorvastatin in 

an in vitro model. From the results obtained, it is possible to affirm for the first time that Esterol10® 

acts on the intracellular mechanisms that lead to a reduction in total cholesterol and an improvement 

in the biosynthesis of free cholesterol and bile acids. Furthermore, Esterol10® can modulate the LDL 

receptor preventing lipids accumulation and the main intracellular pathways involved in cholesterol 

metabolism. All these findings confirmed the important anti-cholesterolemic role of Esterol10® 

compared to a common therapy available on the market. Although the positive effects on 

cardiovascular events mediated by statin therapy have several side effects, adverse effects that include 

statin associated muscle symptoms (SAMS) are commonly reported. This frequent condition in 

humans revealed a range from mild-to-moderate muscle pain, weakness, or fatigue to potentially life-

threatening rhabdomyolysis, which is reported by 10% to 25% of patients receiving statin therapy. To 

reduce the lousy quality of life of the patients in statins chronic treatment, in part 4 of the experimental 

activity sarcopenia and osteoporosis were considered. In this phase, the ability of a new formulation 

composed of magnesium, potassium, vitamin D and curcumin to prevent damage from 

hypercontraction in an in vitro exercise model was explored. In these experiments, for the first time, 

significant results about a positive effect on mitochondrial activity, ATP production, oxygen 

consumption, and myoblast differentiation were obtained. Consequently, additional experiments were 

performed mimicking strenuous exercise and, as expected, the new food supplement revealed 

beneficial effects on skeletal muscle cells controlling hypercontraction, restoring ion fluxes, reducing 

inflammation signaling, and supporting the main mechanism involved in aerobic activity. 

Furthermore, in the context of phase 4, it is also important to consider the role of osteoporosis as a risk 

factor for fractures, which occur in elderly patients. In fact, the changes in bone Ageing that lead to 

osteoporosis depend on several causes, including hormonal alterations, skeletal unloading and 

accumulation of senescent cells. Typically, the maintenance of bone homeostasis requires a balance of 

activity from osteoblasts and osteoclasts. Moreover, osteoporosis results from decreased bone 

formation and increased bone resorption due to osteoblasts and osteoclasts. Currently, several 

treatments for bone mass loss are approved by the FDA, but most of them are associated with serious 

adverse effects. For that, alternative options are most required, and recent studies have proposed 

improving osteoblast differentiation for osteoporosis prevention and treatment. On the other hand, 

several natural extracts that are safe and inexpensive have demonstrated some positive effects on bone-

related diseases. In this context, a new food supplement based on Artemisa annua, Boswellia serrata and 

Equisetum arvense has been investigated to improve osteoblast activities by modulating alkaline 

phosphatase (ALP) and mineralized nodules in an in vitro co-culture of osteoblast/osteoclast. The main 

results revealed for the first time that the protein levels of osteoclastic markers were significantly 

decreased. At the same time, the balance between osteoprotegerin (OPG)/RANKL was maintained by 

osteoblast OPG production, which inhibits osteoclast formation by inducing osteoblast functions. 

Moreover, since these extracts will be used as human food supplements, an in vitro 3D intestinal model 

analysis was carried out that mimicked the oral human intake. Additionally, in vivo experiments 

demonstrated that the combination of Artemisa annua, Boswellia serrata and Equisetum 

arvense significantly promoted bone formation in aged-induced osteoporotic mouse model. 

Particularly significant was the increase in the osteoblast-related parameters and bone 

histomorphometry parameters. Collectively, these results demonstrated for the first time that this new 
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formulation can promote osteoblastic differentiation via the activation of the conventional pathways 

and promote bone formation. Finally, another decline condition related to the ageing process that 

greatly impacts older people's quality of life is osteoarthritis (OA). This common and debilitating joint 

disorder contributes to joint pain and functional impairment. For this reason, the application of 

nutraceuticals in the area of field 5, osteoarticular disorders and osteoarthritis, has also been 

investigated. The pathogenesis of OA remains unknown mainly, although inflammation has been 

reported to exert an important role in its progression. In recent years, hyaluronic acid (HA) has 

attracted great attention as a new treatment option for OA, due to its anti-inflammatory properties, 

stopping cartilage degeneration, and aiding tissue repair. Nowadays, viscosupplementation is based 

upon the hypothesis that HA administration could improve joints' rheological properties, promoting 

the endogenous synthesis of HA and possibly more functional HA, thereby improving mobility and 

articular function and decreasing pain. Therefore, in this field, the ability of a new plant-derived high 

molecular weight (called GreenIuronic®) was investigated to maintain joint homeostasis and prevent 

the harmful processes of OA. The results showed for the first time that the chemical–biological profile 

of GreenIuronic® permits it to cross the intestinal barrier without side effects and explains several 

beneficial effects on chondrocyte functions. Furthermore, in the OA model, this new plant-derived HA 

can modulate the molecular mechanism underlying the prevention of cartilage degradation by 

restoring and improving the endogenous repair mechanism.  

In conclusion, considering the data obtained from all fields, it is possible to define a new 

interdisciplinary field that aims to understand the relationship between ageing and nutraceutical 

supplementation. Indeed, it is essential to understand the main biological mechanisms of ageing 

process to optimize and modulate it by using natural active principles. Further, these data pave the 

way for developing new anti-ageing or healthy ageing therapies that may promote the identification 

and development of ‘geroprotectors’. Overall, the results also define the concept of food supplements 

as a potent factor that can mitigate some of the deleterious aspects of ageing, including predisposition 

to diseases, and support the correct use of natural extracts. These innovative approaches could be 

inserted in the context of the global strategy and plan of action on ageing and health also established 

by WHO, in which “ensure healthy lives and promote well-being for all at all ages through universal health 

coverage” is a primary goal. 
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1) INTRODUCTION 

Human longevity has significantly expanded over the past century due to better living conditions and 

the ongoing advancement of medical technology. Aging is the permanently gradual loss of 

physiological function that ultimately results in age-related illnesses, including cancer, cardiovascular 

diseases, musculoskeletal problems, and arthritis. These age-related illnesses place a significant 

financial and emotional strain on patients, their families, and society at large [1]. In the European Union 

(EU), for instance, it is predicted that the proportion of people 65 will rise significantly over the coming 

decades: from about 25% in 2010, it increased to 29.6% in 2016 and is expected to reach 51.2% in 2070; 

these data are of particular relevance when one considers that the World Health Organization (WHO) 

classifies a society as "aging-society" if at least 7% of the population is 65 years or older if this number 

rises to 14% or higher, the society is classified as "aged-society", and when the old-age dependency rate 

reaches 20% or higher, the society is classified as "super-aged-society" [2]. In this context, forecasts of 

Italy's demographic future return a potential crisis picture: the resident population is decreasing from 

59.6 million in 2020 to 58 million in 2030, 54.1 million in 2050, and 47.6 million in 2070. Moreover, the 

ratio of young to old will be 1 to 3 in 2050, while the working-age population will decline in 30 years 

from 63.8 percent to 53.3 percent of the total [3]. Aging is directly proportional to numerous chronic 

illnesses, including osteoarthritis, cancer, cardiovascular disease, and dementia. Moreover, the 

National Healthcare System's finances are heavily impacted by the diagnosis and treatment of these 

chronic illnesses [4]. Most illnesses and ailments that shorten life expectancy are caused by aging. 

Therefore, aging-related diseases must be seen as multiple trajectories of the same process with a varied 

pace based on various genetic backgrounds and lifestyle choices [5]. The regulatory systems of the 

body work intricately and cooperatively maintain functional homeostasis in cells and tissues by 

sensing and regulating nutrient availability and response, cell division and regeneration, fending off 

foreign and infectious agents, as well as maintaining memory and quickness of the neurological 

responses. Human health results from dynamic interactions and controls by several genetic, non-

genetic, and environmental elements. Any preventative or therapeutic strategy aims to restore this 

"healthy" state of homeostasis since these systems are inevitably disrupted throughout aging and 

diseases [5]. Aging is not thought to be a controlled process, unlike growth and development, and 

mounting evidence indicates that the apparent macro phenotype of aging is largely the accumulation 

of microscopic cellular damage over time [6]. Consequently, a cellular senescence-centric perspective 

of aging is quickly gaining popularity, and cellular senescence is emerging as an all-encompassing 

phenomenon that relates cellular aging to organismal aging. Therefore, gerontologists are studying 

age-related diseases using innovative and integrative methods. Indeed, cellular senescence is involved 

in the pathogenesis of various age-related human disorders, such as but not limited to arthritis, 

diabetes, neurodegenerative disorders, sarcopenia, cancer, and cardiovascular diseases [7]. Instead, the 

only known non-genetic elements that can positively affect aging and health are exercise, lifestyle, and 

nutrition. Additionally, it is believed that nutrition is the most effective way to prevent or delay some 

of the negative effects of aging, such as a person's propensity for certain diseases [8]. 

Different factors can affect cell senescence and the progression of age-related diseases. Among these 

are oxidative stress, telomere shortening, DNA damage, protein fibrillization/aggregation, inflame-

aging process, immunosenescence, and low levels of IGF-1. The primary hallmarks, which are 
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unequivocally deleterious to the cell, include genomic instability, telomere attrition, epigenetic 

alterations, and loss of proteostasis. The antagonistic hallmarks, which are beneficial at low levels but 

at high levels, become deleterious, are deregulated nutrient sensing, cellular senescence, and 

mitochondrial dysfunction. Finally, the integrative hallmarks affecting tissue homeostasis and function 

are stem cell exhaustion and altered intercellular communication. In particular, oxidative stress (OS) is 

one of the main epigenetic variables associated with aging and can also result in high-grade 

inflammation. OS is a key factor in cell damage or injury since endogenous or exogenous agents could 

induce tissue or organ damage via OS [9]. his pro-inflammatory condition can increase inflammatory 

cytokines and markers, including interleukin-6 and tumor necrosis factor-alpha (TNF-α). This can 

activate the NF-KB pathway and induce mitochondrial superoxide and reactive oxygen species (ROS) 

production. Inflamm-aging is a significant contributor to human frailty, the aging process, and cell 

senescence, particularly in age-related disorders; on the other side, inflammation can cause oxidative 

stress, which might slow down the aging process and the spread of disease [10]. Moreover, it is possible 

to identify nine pillars that represent common denominators of aging in different organisms: the 

primary hallmarks, which are unequivocally deleterious to the cell, including genomic instability, 

telomere attrition, epigenetic alterations, and loss of proteostasis; at the same time the antagonistic 

hallmarks, which are beneficial at low levels but at high levels become deleterious, are deregulated 

nutrient sensing, cellular senescence, and mitochondrial dysfunction, and, finally, the integrative 

hallmarks, affecting tissue homeostasis and function, are stem cell exhaustion and altered intercellular 

communication [11]. 

Figure 1. Systematic representation of causal hallmarks underlying biological aging. 



 11 

Based on this, the shortening of telomeres is the key aspect of the “hallmarks of aging” previously 

described: telomeres are repetitive DNA sequences capping chromosomes, which shortens every time 

cells divide [12]. The primary function of telomeres is to protect the chromosomes from degradation 

rearrangements, end-to-end fusions, and chromosome loss by recruiting shelterin. They are, in turn, 

protected by the action of the enzyme telomerase. In addition to DNA replication during mitosis, 

telomere length shortens progressively with oxidative stress or with senescence and aging [13]. 

Interactions between telomeric DNA and shelterin complexes safeguard chromosome ends from DNA 

damage response (DDR) and maintain genome stability. When telomeres lose their protective 

structure, there is a condition of genomic instability, and the replicative senescence is triggered through 

DDR pathways. Specifically, short telomeres are detected as DNA double-strand breaks when critical 

telomere shortening is reached [14] inducing DDR, a signaling cascade that converges on ATM kinase, 

which activates p53, resulting in cellular senescence through the repression of RB. Cellular senescence 

leads to exhaustion and function decline of stem cells and chronic inflammation in tissue which 

ultimately drive aging [15]. In addition, emerging evidence suggests that telomere attrition and 

metabolic compromise share a strong relationship. Recent studies have shown that telomere 

shortening can also affect mitochondria activity via multiple ways to initiate the aging process: when 

DNA damage occurs due to telomere dysfunction, p53 and DDR pathways are activated, which in turn 

suppress PGC-1 and PGC-1, subsequently leading to mitochondrial dysfunction [15]. In addition, short 

telomeres are perceived as double-strand breaks by PARP1-dependent nicotinamide adenine 

dinucleotide (NAD+), which can initiate DNA repair signaling, a process that requires NAD+ 

consumption. Overactivation of PARP1 results in NAD+ consumption, thereby limiting the activity of 

the NAD+-dependent deacetylase sirtuin 1 (SIRT1) [16], which enhances mitochondrial function and 

biogenesis through the transcription factor PGC-1α, and thus loss of SIRT1 activity could contribute to 

mitochondria dysfunction, particularly in muscle [16]. Along with the aforementioned role in 

mitochondrial biogenetics, PGC-1 also controls cellular metabolism in mammals, and the availability 

of nutrients affects its physiological level [17]. Instead, nutrient sensing pathways are currently the 

most involved pathways in aging biology research due to their broad scope and link to cellular 

metabolism. These nutrient-sensing pathways detect and respond to nutrient levels and initiate 

cascading responses downstream, such as growth, energy, and reproduction.  By interacting with one 

another, the IGF1, mTORC1, AMPK, SIRT1, and AMPK signaling pathways regulate aging, and dietary 

availability has several interrelated effects on these processes. For instance, decreasing intracellular 

glucose increases AMPK and raises NAD+ levels, which results in mTORC1 activity being inhibited 

and SIRT1 activity being increased. Because inhibition shifts the balance toward mTORC2, boosting 

essential age-dependent proteins required for metabolic regulation, suppressing of mTORC1 activity 

is projected to be advantageous for extending life. Additionally, it is well known that IGF1 signaling 

activity shortens lifespan via mTORC1; nevertheless, under caloric restriction, AMPK inhibits 

mTORC1 but increases lifetime.  

On the other hand, in nutrient-restricted situations, SIRT1 activation by AMPK or NAD+ indirectly 

enhances metabolism and mitochondrial balance through PGC1. Lifespan can be extended by 

stabilizing mitochondrial metabolism and homeostasis. Contrarily, DNA instability caused by 

replication errors and DNA damage in cells can disrupt the transcription of genes essential to 

metabolism and long life and start cellular senescence, shortening lifespan. Rapamycin suppresses 
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mTORC1 activity in the therapeutic pharmacology of natural products, whereas berberine and 

resveratrol promote AMPK and SIRT1 activity, respectively [17]. 

 

 
 

Figure 2. The interlinked regulation of nutrient-sensing pathways 

 

Another hallmark of aging is epigenetic alterations: with aging, there are distinct epigenetic changes, 

including reduced global heterochromatin, formation of distinct heterochromatin foci, remodeling and 

loss of nucleosomes, changes in the abundance of histone variants, altered histone marks, global 

hypomethylation of DNA with distinct areas of hypermethylation, changes in ncRNA abundance, and 

relocalization of chromatin-modifying factors [18]. Numerous signs of aging, such as mitochondrial 

failure, genetic instability, and cellular senescence, may be caused by epigenetic alterations. Global and 

loci-specific alterations to chromatin structure occur as people age. There are some differences in the 

chromatin of young and old people: young chromatin is primarily tightly packaged heterochromatin 

with HP1 protein binding and repressive histone marks, DNA cytosine methylation is widely 

distributed, and classical histone proteins make up nucleosomes. In contrast, globally diminished 

heterochromatin and localized heterochromatin regions known as senescence-associated 

heterochromatin foci are characteristics of the chromatin of old people's cells. Moreover, repressive 

histone marks are reduced whereas active histone marks are elevated, there is a general nucleosome 

loss and non-canonical histone variations are present in nucleosomes. Additionally, except for CpG 

islands, where there is hypermethylation, there is universal DNA hypomethylation [18]. Metabolic 

alterations also influence the proteostasis system that, via feed-forward connectivity, drives the aging 

program. During cell age, they lose their ability to properly fold proteins, maintain protein folding, 
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and eliminate misfolded proteins. This leads to the accumulation of abnormal protein aggregates and 

loss of protein homeostasis. Loss of proteostasis can accelerate aging and the onset of 

neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease [19]. The fast 

decrease of the proteostasis system throughout aging may be explained by the nature of the system, 

which is constantly flooded with newly translated proteins that must go through organellar targeting 

and folding to prevent off-pathway misfolding [20]. By hindering the folding of newly synthesized 

proteins, misfolded and aggregated proteins will stifle essential folding and quality control 

components and hasten the degeneration of proteostasis systems. Cellular function and the wiring of 

the metabolic and proteostatic pathways are expected to be harmed by widespread loss of protein 

function and the accumulation of various species of misfolded and aggregated proteins; therefore, the 

interconnectedness and feedback control of the organellar sub-system proteostasis may help to explain 

why it fails to function properly as we age [21]. Additionally, mitochondrial function and the 

proteostasis system in the cytoplasm and nucleus are intimately linked. The downstream import of 

freshly produced proteins into mitochondria is adversely affected by disruption of the cytosolic 

proteostasis mechanism; on the contrary, the cytosolic proteostasis system may become overburdened 

with mistargeted precursor proteins as a result of mitochondrial malfunction, which inhibits the import 

of proteins from the cytosol. Due to this interconnectedness, sophisticated regulatory systems are 

required to coordinate not just the proteostasis system but also basic metabolism in order to maintain 

mitochondrial function [22]. 

The above-mentioned mechanisms, such as DNA damage, epigenetic alterations, telomere shortening, 

cellular senescence, and mitochondrial dysfunction, can trigger cellular senescence, which is the 

transition to quiescence where cells cease dividing and is characterized by the secretion of 

inflammatory signaling factors [23]. Senescent cells accumulate during aging in all tissues, and this 

accumulation influences cellular homeostasis since it leads to increased inflammation, decreased tissue 

function and causes stem cell exhaustion, which all contribute to aging [24]. The shortening of 

telomeres and mutations also occur in stem cells leading them to senescence, and this stem cell 

exhaustion can, for instance, lead to neurodegenerative diseases or a decline in hematopoiesis which 

in turn leads to less production of adaptive immune responses [25].  

Finally, aging is associated with changes in communications between cells, mainly driven by the 

development of chronic inflammation in aged people named inflammaging. This inflammation is seen 

as a consequence of several hallmarks of aging described above, including cellular senescence and loss 

of proteostasis because misfolded proteins constitute a danger signal that triggers the innate immune 

response, and it is also linked to age-associated diseases, functional decline, and frailty [26]. Again, an 

important role is played by mitochondria, as they can secrete damage-associated molecular patterns 

(DAMPs) such as ATP, mtDNA, and ROS [27], danger signals released by cells during stress, apoptosis, 

or necrosis to trigger an immune response.  For example, high levels of mtDNA have been found in 

the plasma of people over the age of 50 years with concomitant high levels of inflammatory cytokines 

[28]. In addition to increased inflammation, there is a decrease in the adaptive immune response during 

aging: T cells are important for the adaptive immune response to prevent infection [27], but in the 

elderly, their activity is reduced, making them more susceptible to disease [29]. Furthermore, 

interestingly, mice with T cells specifically deficient in a mitochondrial DNA stabilizing protein 

exhibited multiple features associated with aging, including neurological, metabolic, muscular, and 
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cardiovascular disorders [30]. Furthermore, defective T cells initiated an early inflammatory program 

that induced premature senescence [30].  

Summarizing, all of the signs and symptoms of aging are connected, and mitochondrial dysfunction, 

in particular, is connected to all of them. High levels of ROS can cause telomere attrition, genomic 

instability, epigenetic changes, stem cell exhaustion, and cellular senescence, but they can also improve 

proteostasis. Low levels of NAD+ can cause genomic instability, while damage to mitochondrial DNA 

(mtDNA) can cause genomic instability, cellular senescence, and altered intercellular communication. 

Lower mitochondrial dynamics can be caused by aging traits such as genomic instability and 

dysregulated nutrition sensing and reduced mitochondrial dynamics can also cause cellular 

senescence. Proteostasis is compromised by diminished mitophagy, which is brought on by epigenetic 

changes and improper nutrition sensing. Oxidative phosphorylation, which is influenced by 

unregulated nutrient sensing, epigenetic changes, and defective proteostasis, influences the hallmarks 

of stem cell exhaustion, cellular senescence, impaired proteostasis, and altered intercellular 

communication. Finally, reduced levels of mitochondrial proteins can result from epigenetic changes. 

The dashed line represents the effect of aging-related symptoms on mitochondrial dysfunction. 

Figure 3. Mitochondrial dysfunction (left) and its relationship with other hallmarks (right) 

 

As a consequence, many chronic diseases and pathological conditions are at least in part determined 

by the mechanisms described above. This is consistent with the idea that the distinction between aging 

and illness would rely on the rate and severity of cellular and molecular aging processes, the genetic 

susceptibility of specific organs and systems, and lifestyle and habitual patterns. Therefore, with time, 

all functional domains experience a physiological deterioration that may ultimately result in overt 
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clinical illnesses that are favored by organ/system-specific genetic and environmental variables; thus, 

a continuum between the healthy juvenile stage and the impaired and unhealthy senior state is 

produced by this progressive process [31].  

Since aging is thought to be associated with the emergence of major diseases and a general decline in 

physical and cognitive function, several related problems include the ineffectiveness of medicinal 

treatment therapies, their toxicity, their inability to provide radical solutions in some diseases, and the 

necessity of multiple drug therapy in certain chronic diseases. It is, therefore, necessary for alternative 

treatment methods to be sought [32]. In this context, healthy food, lifestyle, and dietary antioxidants 

are required to increase the quality of life and slow aging. Now, the world of nutraceuticals has begun 

to be added to these concepts; instead, the relationship between diet and aging is quite interesting. 

Nutraceuticals are a class of products on the border between nutrients and drugs that provide 

supplementation of specific nutrients with beneficial effects on health [33]. The term nutraceuticals is 

a chimerical word, resulting from the fusion of “nutrition” and “pharmaceutical”; Stephen Defelice 

first formulated it in 1989 and according to his definition, “nutraceuticals are food or part of a food that 

provides medical or health benefits including the prevention and/or treatment of a disease” [34]. 

According to the Food and Drugs Administration (FDA) a “dietary supplement” is a product intended 

to supplement one or more nutrients with the intent of increasing their total daily intake [35]. A 

"functional food" is instead defined as a food product to be taken as a part of the usual diet to have 

beneficial effects beyond basic nutritional functions. Functional foods can be enriched with ingredients 

that usually are not present in that particular food or contain an amount of a specific nutrient larger 

than usual. FDA regulates dietary supplements to ensure their safety, wholesomeness and their 

labeling to be truthful and not misleading [36]. Similarly, the European Commission regulates the 

nutraceutical market through the European Food Safety Authority (EFSA), which authorizes the 

labeling of food products with health claims. Basically, a health claim must be based on accepted 

scientific evidence demonstrating a significant effect on humans and a cause-and-effect relationship 

between food consumption and claimed effects on humans. Producers must declare the target 

population for the intended health claim and the recommended quantity of nutrient necessary to 

obtain the claimed beneficial effect; they must declare if there are categories of persons who should 

avoid using the nutrient [37].  

A variety of nutraceuticals were reported to promote longevity. Therefore, this thesis aims to highlight 

the importance of antiaging nutraceuticals (natural and/or synthetic) in the field of some of the main 

aging-related diseases. It is intended to summarize the main findings of supplementation therapy, 

which is thought to slow aging by delaying or even preventing the development of a range of chronic 

conditions. Furthermore, the role of some antiaging nutraceuticals and their mechanisms for extending 

life are taken into account, mimicking both in vitro and in vivo models, evaluating some of the main 

aging-related diseases like central and peripheral nerve system impairment, metabolic disorders, and 

muscle-skeletal disease. 

 

1.1. Aging and neurodegenerative disorders  

Over the last few decades, an increase in population aging has been observed, and according to a recent 

UN report, the global share of older adults from the age of 60 is expected to double from 2013 to 2050. 

[38]. These data show, on the one hand, that the average life expectancy is long, but on the other hand, 
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they do not frame the health status of the elderly. Individuals over the age of sixty become more and 

more prone to developing neurodegenerative disorders, such as Alzheimer's disease (AD) or 

Parkinson's disease (PD) [39]. Alzheimer's (AD) dementia is a particular onset and course of cognitive 

and functional decline associated with age and particular neuropathology. Alzheimer's described 

primary neuropathology, and in the mid-1980s, subsequently evolved into a more specific 

neuropathological definition that recognizes the comorbid neuropathologies that frequently contribute 

to clinical dementia. Deficits in the ability to encode and store new memories characterize the initial 

stages of the disease. Subsequent progressive changes in cognition and behavior accompany the later 

stages. Changes in amyloid precursor protein (APP) cleavage and production of the APP fragment 

beta-amyloid (Aβ), along with hyperphosphorylated tau protein aggregation, cause a reduction in 

synaptic strength, synaptic loss, and neurodegeneration. Metabolic, vascular, and inflammatory 

changes and comorbid pathologies are key components of the disease process [40]. Typically, AD onset 

is likely driven by a complex interplay between genetic and environmental factors. It is now thought 

that about 70% of AD risk is attributable to genetic factors. For example, the APOE gene, which has 

three variants, ε2, ε3, and ε4, is the single biggest risk for sporadic AD: compared to non-ε4 carriers, 

ε4 heterozygotes have an odds ratio (OR) for AD of approximately 3, rising around 12 in homozygotes. 

Genome-wide association studies using thousands of samples have identified more than 20 genetic 

risk factors, implicating inflammatory, cholesterol metabolism, and endosomal-vesicle recycling 

pathways. These relatively common risk genes each confer only a minimal increased risk, but 

combined in a polygenic risk score can almost double case prediction from chance. In particular, 

microglial activation in response to amyloid deposition is now recognized to play a crucial role in AD 

pathogenesis [41]. Instead, PD is the most common neurodegenerative motor disorder, in which 

dysfunction of movements results from the progressive death of dopaminergic neurons in the 

substantia nigra pars compacta [42]. Parkinson's disease is manifested by motor and non-motor symptoms. 

The classic findings of Parkinson's disease are motor symptoms. They include resting tremors, 

bradykinesia, postural instability, and rigidity. The pathological hallmark of Parkinson's disease is 

depigmentation of the substantia nigra and locus coeruleus with neuronal loss in the pars compacta of 

the substantia nigra. Both apoptosis and autophagy are involved in the process. Neuronal loss is also 

seen in the basal nucleus of Meynert and the dorsal motor nucleus of the vagus nerve. Lewy bodies, 

eosinophilic cytoplasmic inclusion bodies containing alpha-synuclein, are noted in affected areas. The 

primary cause of Parkinson's disease remains unclear. How Lewy bodies are specifically related to the 

disease's progression is unknown. Current theories of how neuronal loss occurs in Parkinson's disease 

include mitochondrial dysfunction, inflammation, abnormalities in protein handling, and oxidative 

stress. [43]. However, Parkinson's disease involves neurotransmitters other than dopamine and regions 

of the nervous system outside the basal ganglia. Previously, Parkinson's disease was thought to be 

caused primarily by environmental factors, but research reveals that the disease develops from a 

complicated interplay of genetics and environment. Thus, Parkinson's disease is now viewed as a 

slowly progressive neurodegenerative disorder that begins years before the diagnosis can be made, 

implicates multiple neuroanatomical areas, results from a combination of genetic and environmental 

factors, and manifests with a broad range of symptoms [44]. 

The main feature that unites these conditions is the neurotoxic aggregation of specific proteins in the 

brain. A link was also found between oxidative stress and the development of neuronal plaques, as 

well as a link between the formation of the beta-amyloid peptide and ROS 45]. Specifically, oxidative 
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stress leads to the aggregation of α-sinuclein in dopaminergic neurons, which in turn induces the 

formation of intracellular ROS [46]. Finally, the activity of antioxidant enzymes is greatly decreased, 

and the production of ROS induces lipid peroxidation, causing a reduced membrane permeability and 

triggering cytotoxicity mechanisms through an increased calcium inflow. High levels of ROS are, 

therefore, related to the impaired mitochondrial activity; indeed, mitochondria exert crucial functions 

in most neurodegenerative diseases. When mitochondrial activities are impaired, low production of 

ATP, high levels of ROS, and apoptosis occur [47]. Inevitably, therefore, neurons expressing the APP 

show reduced motility and density in axons [48]. Similarly, the tau protein alters mitochondrial traffic 

in the neuronal cell, resulting in impaired mitochondrial transport [49]. All these events contribute to 

the loss of neuronal cells that cannot be replaced, leading to cognitive decay. 

As with other organs and systems, the brain’s functional abilities decrease progressively during aging: 

as age progresses cognitive performance undergoes a general decline that is manifested by decreases 

in learning, in memory, attention, decision-making speed, sensory perception and motor coordination 

[50]. Age-related cognitive impairment is associated with changes in the central nervous system, 

especially in the prefrontal cortex and hippocampus. These changes can lead to the development of 

neurodegenerative diseases [51]. More specifically, brain physiological aging is associated with 

alterations in brain architecture; for example, brain weight decreases by 2-3% every decade after fifty 

years, characterized by an increase in a state of low-grade inflammation [52]. Some studies have shown 

that physiological brain aging has been associated with the increase of proinflammatory cytokines, but 

present in much higher concentrations in the case of neurodegenerative diseases. The formation of a 

proinflammatory environment speeds up neuronal aging contributing to the onset of cognitive 

disorders and the promotion of neurodegenerative processes [53]. So with aging it is possible notice a 

change in the phenotype of microglia cells: in older individuals microglial cells present larger cellular 

bodies, index of an activated and set phenotype to respond to proinflammatory stimuli with the release 

of cytokines. Astrocytes also change with age, in fact in older individuals they produce greater 

amounts of fibrillar acid proteins (GFAP) and pro-inflammatory factors. With advancing age, 

therefore, microglia and astrocytes provide less support to neurons and promote the formation of a 

highly proinflammatory microenvironment in the brain [53]. In particular, neuronal aging has also 

been associated with ROS-induced inflammation, as it modulates the production of pro-inflammatory 

factors such as cytokines, causing cognitive dysfunction and memory loss [54]. To overcome this 

condition, recent studies have identified the use of neurotropophins as a possible therapeutic targe to 

slow down cognitive decline. In this context brain-derived neurotrophic factor (BDNF) is one of the 

most distributed and extensively studied neurotrophins in the mammalian brain. Many studies shown 

how BDNF could act as a potent protective factor that is able to confer protection against 

neurodegeneration. It regulates many different cellular processes involved in the development and 

maintenance of normal brain function by binding and activating the TrkB, a member of the larger 

family of Trk receptors. In the brain, BDNF is expressed by glutamatergic neurons, glial cells, such as 

astrocytes isolated from the cortex and hippocampus, but not from the striatum, and microglia. Several 

lines of evidence also suggest that the BDNF/TrkB signaling is involved in adult neurogenesis in the 

hippocampus with differing effects in the dentate gyrus (DG) and subventricular zone (SVZ). Adult 

neurogenesis in the dentate gyrus is enhanced by voluntary exercise, exposure to an enriched 

environment, and chronic antidepressant administration. In addition, studies also show that BDNF is 
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an important regulator of synaptic transmission and long-term potentiation (LTP) in the hippocampus 

and in other brain regions. The effects of BDNF on LTP are mediated by the TrkB receptor. Especially 

in the hippocampus, this neurotrophin is thought to act on both the pre- and post-synaptic 

compartments, modulating synaptic efficacy, either by changing the pre-synaptic transmitter release, 

or by increasing post-synaptic transmitter sensitivity to induce a long-lasting increase in synaptic 

plasticity. Additionally, converging data now suggest a role for BDNF in the pathophysiology of brain-

associated illnesses. Deficits in BDNF signalling are reported to contribute to the pathogenesis of 

several major diseases, such as Huntington’s disease, AD, depression, schizophrenia, bipolar, and 

anxiety disorders [55]. Neurotrophic factors have been extensively investigated in the context of 

neurodegenerative diseases. The alterations in the regulation of specific neurotrophic factors and their 

receptors seem to be involved in neurodegeneration. Neurotrophins prevent cell death and support 

neuronal proliferation and maturation, enhancing the growth and function of affected neurons in AD 

and PD. In current therapies for AD and PD which focus on prevention of neurodegeneration, 

application of neurotrophic factors has emerged as one of the therapeutic approaches in early, middle 

and even late stages of these disorders. By activating the PI3K/Akt kinase pathway, neurotrophins 

inhibit processes that elicit cell death. It was found that the decrease in expression of NTs, especially 

BDNF observed in the aging process and in neurodegenerative diseases, may contribute to 

degeneration and death of neurons. A decrease in BDNF levels in the blood and brain was observed in 

patients with depression or suffering from PD and AD. Decreased BDNF concentration in serum and 

brain is accompanied by an increase in degeneration of dopaminergic neurons in PD, which leads to 

movement disorders, cognitive deficit, and mental disorders and also correlates with memory 

impairment in AD. There are data indicating that a decrease in BDNF levels in PD may contribute to 

overexpression of alpha-synuclein (ASN) and inhibition of dopamine (DA) synthesis. Moreover, it was 

reported that ASN overexpression downregulated BDNF transcription and impaired BDNF trafficking 

in neurons. BDNF participates in the regulation of tyrosine hydroxylase (TH), which is also reduced in 

PD, consequently leading to motor disorders. The neuroprotective effect of BDNF is the result of 

activation of the TrkB/MAPK/ERK1/2/PI3K/Akt pathway, which leads to attenuation of apoptosis, 

glutamate, and nitric oxide (NO) neurotoxicity and cell damage caused by oxidative stress. An increase 

in oxidative stress, glutamate neurotoxicity, NO production, and the process of apoptosis are observed 

in PD and other neurological disorders [56]. A deficient BDNF/TrkB underlies neurodegeneration. It 

was demonstrated that deprivation of BDNF/TrkB increases inflammatory cytokines and activates the 

JAK2/STAT3 pathway, resulting in the upregulation of transcription factor C/EBPβ. This, in turn, 

results in increased expression of δ-secretase, leading to both APP and Tau fragmentation by δ-

secretase and neuronal loss, which can be blocked by expression of STAT3 Y705F, knockdown of 

C/EBPβ, or the δ-secretase enzymatic-dead C189S mutant. Inhibition of this pathological cascade can 

also rescue impaired synaptic plasticity and cognitive dysfunctions [57]. 

 

1.2. Peripheral nervous system dysfunction 

Peripheral nervous system (PNS) aging is poorly understood. While sensorimotor peripheral nerve 

impairment has been related to falls and mobility disability, the association of sensorimotor 

impairments to other peripheral (e.g., autonomic function) and central (e.g., cognition) nervous system 

declines are less clear [58]. Aging profoundly influences several morphologic and functional features 
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of the PNS. Morphologic studies have reported a loss of myelinated and unmyelinated nerve fibers in 

elderly subjects and several abnormalities involving myelinated fibers, such as demyelination, 

remyelination, and myelin balloon figures. The deterioration of myelin sheaths during aging may be 

due to a decrease in the expression of the major myelin proteins (P0, PMP22, MBP). Axonal atrophy, 

frequently seen in aged nerves, may be explained by a reduction in the peripheral nerve's expression 

and axonal transport of cytoskeletal proteins. Aging also affects functional and electrophysiologic 

properties of the PNS, including a decline in nerve conduction velocity, muscle strength, sensory 

discrimination, autonomic responses, and endoneurial blood flow. The age-related decline in nerve 

regeneration after injury may be attributed to changes in neuronal, axonal, Schwann cell, and 

macrophage responses [59]. Changes in the structure of peripheral nerves during aging include the 

loss of axons and demyelination, which may impair electrical conductance along the nerve. Indeed, 

studies in rodent models of aging and premature aging (progeria) have reported age as a risk factor 

for the decline in the function of peripheral sensorimotor nerves. The myelin sheath produced by 

Schwann cells that surrounds the large, myelinated nerve fibers is enriched in both lipids and proteins, 

which could leave the peripheral nerve environment highly vulnerable to oxidative damage [60]. The 

PNS is comprised of three types of cells: neuronal cells, glial cells, and stromal cells. Key roles are 

played by cells other than neurons in the maintenance and function of the peripheral nerves. Schwann 

cells heath nerves in a layer of myelin and provide trophic support by releasing important 

neurotrophins such as the Nerve Growth Factor (NGF). Myelin improves conduction velocity by 

limiting the sites of ionic transfer along the axon to the nodes of Ranvier, resulting in a faster, 

“jumping” action potential propagation that is termed saltatory conduction. The most heavily 

myelinated fibers are the large motor neurons (Type Aα), followed by afferent muscle spindles (Type 

Aβ). Nerve conduction velocities in these neurons are approximately 30-120m/s. Unmyelinated 

neurons (Type C), such as the sensory neurons involved in transmitting pain and temperature and 

postganglionic sympathetic, are the slowest, conducting at approximately 1-2 m/s. The non-neuronal 

cells and connective tissues surrounding neuronal axons provide a complex stromal connective tissue 

scaffold for the nerve and are important in understanding and classifying nerve injuries. Encasing the 

individual axons is the deepest structural layer, the endoneurium. The perineurium circumferentially 

bundles axons together to form fascicles. The outermost connective tissue layer of the nerve, the 

epineurium, consists of two parts. Dispersed between fascicles is the epifascicular epineurium while 

surrounding the nerve trunk proper is the epineural epineurium. Microvessels progressively branch 

through the nerve according to the structural layers providing blood to the axons. Due to their more 

peripheral location, epineural vessels are more susceptible to trauma than the deeper vessels of the 

nerve [61]. 

There are three essential pathologic reactions of peripheral nerves induced by toxic agents: 

neuronopathy, in which the injury is concentrated on the neuronal cell body; axonopathy, in which the 

axon is the primary site of injury; and myelinopathy (demyelination), in which the myelin sheath or 

Schwann cell are involved. Primary damage to the axon (axonopathy) leads to loss of the distal axon 

and secondary disintegration of its myelin sheath, sometimes with swelling and chromatolysis of the 

neuronal cell body (i.e., the "axonal reaction") to support axon regrowth. Primary injury to the cell body 

(neuronopathy) can destroy the neuron cell body and cause irreparable secondary loss of its axon and 

associated degeneration of the entire myelin sheath. Direct damage to the myelin sheath or Schwann 
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cell leads to early segmental demyelination associated with retained axons (as shown). However, in a 

later stage, the axon also may undergo secondary degeneration due to the loss of trophic factors 

produced by Schwann cells. Rectangular structures at the end of axons are representative of portions 

of innervated skeletal muscle fibers [62]. 

Peripheral demyelinating diseases (PDD) refer to a spectrum of disorders that involves substantial 

damage to axons and glial cells, particularly Schwann cells in the PNS. The incidence of these diseases 

is variable. Disease states are manifestations of damage against the myelin sheath caused by various 

inciting factors, such as infectious agents, auto-immune processes, or genetic mutations. Oxidative 

stress, the primary risk factor in many diseases, has also been implicated in demyelination disorders 

[63]. Myelination is a process whereby Schwann cells develop a multi-layered membrane called the 

myelin sheath around the axonal membrane. More giant axons (>1 um) are explicitly selected by 

Schwann cells to form multiple internodes of the myelin sheath. Myelination begins with the 

establishment of a 1:1 relationship with the axon. At this level, the production of myelin structural 

proteins such as myelin protein zero (P0), peripheral myelin protein (PMP22), and myelin basic protein 

(MBP) are increased along with lipid biosynthesis [64]. The myelin sheath is made of multiple sleeves 

of whitish lipoprotein plasma membranes of Schwann cells wrapped around the axon of a neuron in a 

spiral fashion. It is constituted of water, lipid, and proteins that exist as the segmented internodal 

structure around the axons. These internodes create insulation that facilitates the propagation of action 

potentials through saltatory conduction (jumping) at the node of Ranvier. Myelin sheath not only 

facilitates the conduction velocity of nerve impulses but also confers protection and nutritional support 

to axons. However, exposure to various factors such as autoimmunological insult, trauma, and injury 

to the nerve could trigger demyelination and, eventually neurodegeneration [65]. Demyelination 

describes the loss of the myelin sheath, where Schwann cells are being destroyed or unwrapped from 

axons. Demyelination causes neurological disability due to conduction block and axonal degeneration. 

[63]. Nowadays, treatments for chronic NP consist of different lines of therapies that are chosen 

according to the patient’s condition [66]. Therefore, strategies to improve axonal regeneration, 

neuronal survival, myelination, and reinnervation of target organs after nerve injury, include surgical 

and non-surgical therapeutic approaches are available [67]. Despite the progress in understanding the 

pathophysiology of peripheral nerve injuries, the advancement in reconstructive microsurgery, and 

the innovations in the fields of tissue engineering and regenerative medicine, there are no repair 

techniques or therapeutic approaches that can ensure full recovery of normal sensorimotor functions 

of adult patients following severe nerve injuries [68]. In this context, many supplements have been 

shown to be useful in counteracting the degeneration of the peripheral nervous system. Recent research 

has emphasized the anti-inflammatory and immune-modulating role of palmitoylethanolamide (PEA) 

as it has a neuroprotective effect, acting on several molecular targets in the central and peripheral 

nervous system [69]. In addition, PEA is an endogenous agonist of endocannabinoid system, acting on 

CB1 and CB2 receptors, having been described as a valuable option to successfully modulate chronic 

NP in animal models, bringing an alternative of treatment for patients that do not respond well to other 

pharmacological therapies [70]. At the same time, numerous studies have described distinct biological 

effects of Equisetum arvense L. extracts, for instance antioxidant and neuroprotective properties [71], 

since it plays an important role in the oxidative stress response mechanism and in the activation of 

SIRT1 mediating chronic pain associated with peripheral nerve injury [72]. 
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1.3. Metabolic syndrome and cardiovascular disease 

As is well known, a high blood cholesterol level is the 6th highest risk factor for death worldwide and 

several factors can raise cholesterol levels in humans. Cholesterol increases the risks of heart disease, 

stroke, and other vascular diseases. Globally, one-third of ischemic heart disease is attributable to high 

blood cholesterol. Hypercholesterolemia is the root cause for atherosclerosis and other cardiac 

complications [33]. Individuals with elevated low-density lipoprotein cholesterol (LDL-C) and high 

levels of total cholesterol [73] are prone to the development of coronary heart disease through 

numerous pathogenetic mechanisms. The recent American Heart Association 2016 update on Heart 

Disease and Stroke Statistics once again verified that only 75.7% of US children and 46.6% of US adults 

present targeted TC levels (< 170 mg/dL for untreated children and < 200 mg/dL for untreated adults), 

a trend that is comparable to other Western countries [74]. Current treatment involves lifestyle changes 

such as diet and exercise and may include lipid-lowering therapy, depending on the severity of 

dyslipidemia and CV risk [75]. Specific lifestyle interventions for hypercholesterolemia include a diet 

low in saturated fat (< 7% of total energy), such as the Mediterranean diet and DASH (Dietary 

Approaches to Stop Hypertension). These and other diets high in fruits, vegetables, whole grains, nuts, 

low-fat dairy products, poultry, and fish, with limited portions of lean red meat and sugary foods and 

beverages, are the most recommended [76]. Other lifestyle changes include moderate- to high-intensity 

physical activity (≥ 150 min/week), weight loss of 5% to 10% for overweight or obese patients, and 

smoking cessation, including avoidance of passive tobacco smoke [76,77]. If maintained over the long-

term, these lifestyle modifications can reduce LDL-C and non–high-density lipoprotein cholesterol 

(HDL-C) levels by 5% to 15% and may even significantly reduce the risk of CVD [78]. Patients unable 

to reach their target cholesterol goals through lifestyle interventions should consider using lipid-

lowering nutraceuticals. These can be taken alone or in conjunction with pharmacological therapy, 

which is indicated for those with out-of-target lipid values or who are intolerant to statins [79]. Current 

guidelines highlight the key role of lifestyle intervention in the treatment of patients with increased 

cholesterol levels [80]. This is particularly true in patients whose therapeutic targets are reachable with 

non-pharmacological measures. Reduction in the amount of nutrients which negatively affect lipid 

profile is the cornerstone of diet modification: total fat intake should not exceed 35% of total caloric 

intake [81]; intake of saturated fatty acids (SFAs) should be reduced below 6% of total caloric intake 

and trans-saturated fatty acids below 1%; dietary cholesterol intake < 200 mg/day is still far to be 

accepted as a strong recommendation [80]. Also, consuming foods that favorably affect lipid 

metabolism should be encouraged. Several dietary components are supposed to improve cholesterol 

metabolism. These nutrients may be naturally taken with the diet by increasing the consumption of 

foods such as fish, nuts, vegetables, and fruits. To achieve a “therapeutic” intake of healthy nutrients, 

it could be helpful to supplement our diet with either artificially enriched foods or nutraceuticals. 

Indeed, a standard diet contains only a modest amount of these nutrients [82]. The lipid-lowering 

nutraceuticals currently available are varied in terms of the mechanism of action and effectiveness in 

reducing the cholesterol level [83]. Among these, those derived from plants are considered the best for 

improving the plasma lipid profile because they mainly act in reducing the levels of LDL-C which is 

the main approach for managing coronary heart disease (CHD) and cardiovascular (CVD) risks [82]. 

The literature counted over 40 nutraceuticals with a supposed beneficial effect on lipid metabolism 

[84]. Some of these substances have proven efficacy in reducing both serum lipids and CV risk; in 
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addition, some of them have been demonstrated to affect beneficially surrogate markers of vascular 

damage, such as arterial intima-media thickness (IMT), endothelial dysfunction and arterial stiffness 

[85]. However, many trials investigating the effect of nutraceuticals on lipid metabolism have 

important methodological drawbacks in terms of study design, population characterization and 

outcome selection. Several statins are commercially available, and their use can be selected based on 

the patient’s individual needs, therapeutic goals, and tolerability [86]. Indeed, statins are 

recommended for dyslipidemia to reduce the risk of primary and secondary cardiovascular disease as 

they play an essential role in lowering LDL-C cholesterol levels, as well as having other non-lipid 

properties, such as inflammatory, antithrombotic, antioxidant, or antiapoptotic activity [87]. 

Furthermore, statin-based therapy may not be sufficient to reduce cardiovascular risk in high and very 

high-risk patients [86]. For this reason, research has been dedicated to the study of different natural 

compounds. The herbal remedies are increasingly used in an attempt to improve the lipid profile of 

individuals with early atherosclerosis and those with other risk factors, such as hypertension or 

diabetes mellitus [88]. As a result, innovative nutritional strategies have been developed to reduce 

major cardiovascular risk factors, including dietary changes or consumption of functional foods and 

dietary supplements specifically targeted for the treatment of dyslipidemia. Nowadays, there is a great 

need to determine a recommendation for the possible role of nutraceuticals in patients with statin-

associated adverse effects. However, at the same time, it is fundamental to underline that the 

nutraceuticals, both in patients with good adherence to statin therapy and with statin intolerance, 

cannot replace drug therapy, but could help achieve therapeutic goals [87]. In this context, it is 

important to consider the available clinical evidence on the efficacy and safety of fermented red rice 

extract (RYR), a very popular natural extract with some lipid-lowering effects. It contains monacolins 

which are now widely accepted as lipid-lowering molecules since they inhibit 3-hydroxy-3-methyl-

glutaryl-CoA (HMGCoA) reductase, the enzyme that controls the speed of the cholesterol synthesis 

pathway. Although monacolin K and lovastatin have the same structure, their pharmacokinetic 

profiles and bioavailability differ. Monacolin K is only one of several RYR components that can modify 

the pharmacokinetic profile of lovastatin [73]. However, several adverse effects associated with the 

intake of RYR products have been reported during clinical trials in a similar way to that seen from 

treatment with lovastatin [86]. In contrast, the scientist documented the possible synergistic effects of 

RYR with other antioxidants such as green tea dry extract, Coenzyme Q10 (CoQ10), and resveratrol 

[73]. In particular, the interaction between RYR and natural extracts with different mechanisms of 

action can have a synergistic effect and the study highlighted that the intake of RYR can be combined 

with other botanicals or other drugs, which can prevent possible side effects [86]. Several studies have 

shown that natural extracts containing antioxidants, or in any case able to counteract oxidative stress, 

can represent a promising adjuvant therapy in hypercholesterolemia. Indeed, these molecules are able 

to reduce the risk of cardiovascular diseases by increasing the resistance to oxidation of LDL-C [89]. 

Furthermore, AMP-activated protein kinase (AMPK) has recently been evaluated as a key regulator of 

a naturally extracted active ingredient capable of preventing CVD. For example, it is suggested that 

polyphenolic compounds can be used to activate AMPK to reduce oxidative damage and 

inflammation, which play a critical role in the development of chronic disease [90]. In nature, several 

nutraceutical combinations have shown significant lipid-lowering effects and a potential positive 

impact on cardiovascular risk by modulating the proprotein convertase subtilisin/kexin type 9 (PCSK9) 
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factor which plays a particular role in regulating LDL-C levels by degrading the LDL receptor (LDLr) 

[91].  

 

1.4. Sarcopenia and osteoporosis  

With the accelerated population aging and the tendency of involution of the bone and muscle tissues 

among older adults, the consequences of these muscular and bone changes are approaching epidemic 

status. One of the most pervasive and macroscopic phenomena occurring with aging is the progressive 

decline of skeletal muscle mass, strength, and function, leading to a condition indicated as sarcopenia. 

Indeed, primary sarcopenia is also called sarcopenia of aging [92]. Not only aging but also physical 

inactivity, neuromuscular compromise, resistance to postprandial anabolism, insulin resistance, 

lipotoxicity, endocrine variables, oxidative stress, mitochondrial dysfunction, and inflammation are 

some of the pathophysiological pathways that lead to sarcopenia [93]. The prevalence of sarcopenia 

ranges from 3% to 24% depending on the diagnostic criteria used and increases with age, indeed it is 

also found in concurrence with rheumatoid arthritis [93]. Sarcopenia is generally thought to be a major 

risk factor for poor health outcomes linked to disability, frailty, loss of independence, morbidity, and 

death in older persons, it is also related with a lower quality of life and, even if several factors are 

involved in its pathophysiology, its etiology is still unclear [94]. The health care system will soon face 

the challenge of a dramatic increase in the prevalence of sarcopenia because the number of elderly 

individuals is increasing [95]. According to more recent research, several mechanisms that change the 

physiology of skeletal muscle are usually responsible for sarcopenia's beginning and progression. 

Some of these mechanisms are also considered significant contributors to the aging process. Endocrine 

alterations, loss of regenerative ability, denervation of muscle fibers, increased deposition of 

intermuscular and intramuscular fat, mitochondrial dysfunction, oxidative stress, and inflammation 

are a few of the factors involved in the pathophysiology of sarcopenia [96]. These two latter 

mechanisms, in particular, are also involved in the aging process and the loss of regenerative capacity 

of satellite cells, the muscle's stem cells. Emerging epidemiological and molecular studies indicate that 

immunosenescence and inflammaging strongly contribute to the pathophysiology of sarcopenia [97]. 

Furthermore, the age-related changes in the cells of the innate immune system indirectly contribute to 

sarcopenia by increasing systemic inflammation. In physiological conditions, in response to damage, 

neutrophils migrate in skeletal muscle, followed by M1 macrophages that lead to muscle inflammation; 

this early phase is followed by infiltration of M2 macrophages that produce soluble factors that repair 

the muscle injury and promote regeneration [98]. With aging, the activity of neutrophils decreases, 

especially in terms of migration capacity. It has been hypothesized that once in the muscle, neutrophils 

with impaired migration capacity can contribute to increased inflammation [97]. In addition, an 

increase in pro-inflammatory cytokines and a protracted inflammatory response to muscle injury are 

linked to inadequate muscular healing, which results in muscle atrophy and weakening [99].  

As already mentioned, it has been suggested that sarcopenia may be related to systemic inflammation, 

but this depends on how severe the inflammation is. Using data from four species (mice, rats, rhesus 

monkeys, and humans), a comparative analysis of skeletal muscle changes at various ages revealed not 

only a human-specific age-related rise in phosphorylated NF-kB but also a conserved decrease in 

mitochondrial content and reduction in oxidative phosphorylation complexes in both monkeys and 

humans [100]. Moderate inflammation is beneficial and fundamental to activate a stress response, but 
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when the inflammation becomes chronic and more elevated, the response to muscle injury turns 

detrimental. Specifically, only the metabolic quality of skeletal muscle may be impacted by a mild level 

of systemic inflammation present in physiological aging; in contrast, a more severe systemic 

inflammation (often accompanied by a local inflammation) present in a condition of accelerated aging 

contributes to the loss of muscle mass and strength and the development of sarcopenia [97]. Moreover, 

studies revealed that inflammaging contributes to the genesis of sarcopenia by affecting the balance 

between anabolic and catabolic muscle processes [101]. Increased levels of TNF-α, IL-6, IL-10, and CRP 

in particular, promote the breakdown of muscle protein and prevent protein synthesis by activating 

the NF-B and ubiquitin-proteasome pathway; this transition toward catabolism is followed by 

myofiber proteolysis, atrophy, and loss of regeneration capacity, which results in a reduction in skeletal 

muscle function [97]. Specifically, short-term increases in TNF-α promote the repair of muscle, while 

persistent TNF-α, which will further damage the muscle [102], low or transient increases in IL-6 benefit 

muscle, and fiber growth, while persistently high levels of IL-6 causing muscle damage [103], IL-10 

might positively regulate muscle by alleviating inflammation [104], and CRP exerts detrimental effects 

on muscle [105]. Recent research suggests that a self-sustaining cycle between immunosenescence, 

inflammaging, and oxidative stress accelerates the advancement of sarcopenia [106]. In actuality, there 

is a tight relationship and overlap between the molecular pathways of oxidative stress and 

inflammation in ROS production. These species have pathological effects on human health that are not 

only linked to the onset of sarcopenia but also a variety of other age-related illnesses, such as common 

endocrine dysfunctions associated with old age, such as decreased pancreatic beta-cell function and 

thyroid autoimmunity, among others [106]. Unrestrained oxidative stress and inflammation 

accumulation may serve as a transitional stage between slow aging and accelerated aging. Muscle 

deterioration is frequently accompanied by additional pathophysiological signs of accelerated aging, 

such as increased fat mass and reduced bone density, which can result in osteoporosis and obesity 

[107]. Furthermore, the literature has documented a few mechanisms on how sarcopenia and bone 

interact, through genetic, molecular, mechanical, and functional alterations [108]. The complications of 

these conditions have a great socioeconomic impact on the population since the decline of muscle and 

bone strength presents manifestations in the reduction of mobility and functionality, greater 

predisposition to falls, fractures, functional dependence, and increased morbidity and mortality risk 

and so older adults who present sarcopenia and osteoporosis generally require more health care and 

specialized long-term care, which represents high costs and considerable social impact [108]. Even 

osteoporosis, like sarcopenia, is linked and commonly associated with aging. During human growth, 

bone tissue continues to adjust to variations in mechanical loads and its growth is controlled by 

osteocytes, which serve as "sensors" for stimuli and translate mechanical stress into biological signals, 

as well as by the ongoing activity of osteoblasts, involved in bone deposition, and osteoclasts, involved 

in bone resorption [109]. Bone mass decreases with changes to its structure and mechanical qualities 

as a result of age. These musculoskeletal degenerations have the following causes: the age-related 

decrease in the levels of sex hormones [110], the loss of muscle strength and increased body fat and the 

alteration in the expression of genes involved in proliferation/senescence and cellular metabolism 

[111]. Moreover, with aging, loss of osteocyte lacunar density in human cortical bone triggers the 

accumulation of microcracks, a sign of bone deterioration contributing to osteoporosis [112].  On a 

molecular level, reduction of osteoprogenitors and osteoblasts with age reduces the OPG levels which 
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in turn allows the activation of osteoclast-based resorption, thus tilting the balance of bone 

homeostasis, causing osteopenia and osteoporosis [113]. Inheritable changes in several genes have been 

implicated in the pathogenesis of idiopathic osteoporosis and skeletal aging [114]. Several osteoblastic 

genes such as WNT10B, RUNX2, RANKL, Osterix, Osteocalcin, OPG, and SOST, were found to be 

differentially expressed in patients with male idiopathic osteoporosis, characterized with low bone 

volume and decrease in trabecular number. These changes were attributed to dysfunctional 

osteoblasts, and reduction in WNT10B, RUNX2, RANKL, and SOST gene expression [113]. Moreover, 

certain WNT1 mutations were linked to early onset osteoporosis, high fracture rate and low bone 

turnover [115]. The clinical signs of osteoporosis include shortening of the body, increased risk of 

fracture, and diminished respiratory function brought on by the curvature of the spine following 

vertebral fracture [116], indeed the pharmacological treatment is usually focused on the bone 

remodeling but also the use of natural compound is gaining popularity thanks to the presence of fewer 

side effects and the suitability in long-term treatment [117]. For example, clinical and experimental 

studies have shown that resveratrol prevented bone loss by attenuating the damage caused by 

oxidative stress; more specifically, resveratrol, due to its antioxidant effect, effectively decreased 

RANKL production and inhibited osteoclastogenesis. Moreover, resveratrol promotes the formation 

of osteoblasts by induction of BMP2 through Src kinase-dependent estrogen receptor activation and 

treatment with resveratrol also activates the osteogenic factors Runx2 and Sirtuin 1 (SIRT1)  [117]. 

Moreover, also the extract Artemisia has been demonstrated to be effective in the treatment of 

osteoporosis since it promotes the differentiation of osteoblasts through the increase of the amount of 

alkaline phosphatase (ALP) [118]. Also, Equisetum Arversum is used in the treatment of osteoporosis 

since it enhances bone regeneration and inhibits osteoclastogenesis [119].  

 

1.5. Osteoarticular disorders and osteoarthritis 

The most common chronic diseases affecting the elderly are rheumatic and osteoarticular diseases, 

which include osteoarthritis (OA) and rheumatoid arthritis (RA). These illnesses impact a person's 

autonomy, employment capacity, and life expectancy. Similar pathophysiological processes are 

present in these chronic inflammatory illnesses, which include enhanced bone remodeling/resorption, 

a phenotype associated with aging, and a buildup of activated immune cells and soluble substances in 

the joints and skeletal tissue [120]. The most common chronic joint disease, OA, affects most people 

over 65 and is a primary musculoskeletal cause of decreased mobility in the elderly. Its prevalence rises 

with age. Because there are currently no effective interventions to slow the progression of OA or 

prevent the irreversible degradation of cartilage other than total joint replacement surgery, the precise 

molecular mechanisms underlying the breakdown of cartilage matrix and the development of OA are 

poorly understood [121]. The mechanisms responsible appear to be multifactorial and may include an 

age-related pro-inflammatory state that has been termed “inflamm-aging.” Age-related inflammation 

can be both systemic and local. Systemic inflammation can be promoted by aging changes in adipose 

tissue that result in increased production of cytokines such as interleukin (IL)-6 and TNFα. Numerous 

studies have shown an age-related increase in blood levels of IL-6 that has been associated with 

decreased physical function and frailty. Importantly, higher levels of IL-6 have been associated with 

an increased risk of knee OA progression [122]. One of the mechanisms by which aging promotes 

chronic inflammation that could be important in OA is through cell senescence. Cell senescence was 
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originally used to describe the state of growth arrest that occurred after extensive proliferation of 

fibroblasts induced by multiple passages in culture [123]. This form of replicative senescence has been 

thought to serve as a mechanism to prevent unlimited proliferation of cells that would lead to cancer. 

Various markers have been used to identify senescent cells, including senescence-associated β-

galactosidase (SA-β-gal), increased expression of the cyclin-dependent kinase inhibitor p16INK4a, and 

formation of senescence-associated heterochromatin. Cell senescence is not just a phenomenon 

observed with cultured cells, but rather senescent cells have been shown to accumulate in various 

tissues with aging [124]. 

Ageing-associated changes that affect articular tissues promote the development of OA [125]. Various 

processes contribute to the development of OA by promoting a proinflammatory, catabolic state 

accompanied by increased susceptibility to cell death that together led to increased joint tissue 

destruction and defective repair of damaged matrix [126]. During the early stages of OA, the cartilage 

surface is still intact: the molecular composition and organization of the extracellular matrix is altered 

first [127]. The articular chondrocytes, which possess little regenerative capacity and have a low 

metabolic activity in normal joints, exhibit a transient proliferative response and increased matrix 

synthesis attempting to initiate repair caused by pathological stimulation. This response is 

characterized by chondrocyte cloning to form clusters and hypertrophic differentiation, including 

expression of hypertrophic markers such as Runx2, ColX, and Mmp13 [128]. Changes in the structure 

and composition of the articular cartilage encourage chondrocytes to create more catabolic substances 

that contribute to cartilage breakdown. The collagen network then breaks down, which disturbs the 

integrity of the cartilage. The articular chondrocytes will thereafter experience apoptosis, leading to 

the eventual loss of all articular cartilage. Because of the reduced joint space brought on by the 

complete loss of cartilage, there will be pain and restricted joint movement. Other symptoms of OA 

include loosening and weakening of muscles and tendons, subchondral sclerosis, bone eburnation, 

osteophyte growth, and more [129]. In addition to growth arrest, senescent cells exhibit a number of 

other features that include secretion of pro-inflammatory cytokines, chemokines, growth factors, and 

matrix metalloproteinases (MMPs) which has been referred to as the senescence-associated secretory 

phenotype (SASP) [130]. The SASP could promote age-related pathologies, such as osteoarthritis, by 

increasing local levels of pro-inflammatory mediators and matrix degrading enzymes. Freund et al 

[131] composed a list of 83 SASP factors that had been reported in the literature in studies examining 

various inducers of cell senescence. The factors were divided by the level of increase from high (>4 

fold) to intermediate (2-4 fold) to small (<2 fold). Interestingly, all of the SASP factors produced at high 

levels by senescent cells have been found in OA tissues and/or synovial fluid. These include GM-CSF, 

GROα,β,γ, IGFBP-7, IL-1α, IL-6, IL-7, IL-8, MCP-1, MCP-2, MIP1α, MMP-1, MMP-10, and MMP-332-

38. Many of the SASP factors present at intermediate levels, such as ICAM-1, IL-1β, MCP-4, MIF, MMP-

13, oncostatin M, RANTES, and TIMP-2 have also been recognized as potential mediators in OA [132-

134]. The mechanisms responsible for cell senescence and in particular for the SASP are still being 

elucidated but appear to include DNA damage and activation of the p38 MAP kinase [135]. Another 

consistent finding has been expression of p16INK4a that activates the pRB tumor suppressor and 

promotes formation of senescence-associated heterochromatin foci which function to silence genes 

regulating cell proliferation [136]. Deletion of cells expressing p16INK4a in mice was found to prevent 

the development of age-related changes in tissues that included muscle, adipose tissue, and the eye 
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[137]. As detailed above, chondrocytes in OA have been found to have evidence of DNA damage that 

could promote the development of a senescent phenotype [138] and have been shown to have 

increased expression of p16INK4a. Knockdown of p16INK4a in cultured OA chondrocytes restored 

matrix gene expression [139]. Studies of the role of p16INK4a in promoting the SASP in chondrocytes 

are warranted and would increase the understanding of the mechanisms by which chondrocyte 

senescence contributes to a pro-inflammatory state in cartilage. There is biologic evidence to suggest a 

link between age-related inflammation and the development of OA. The sources of age-related pro-

inflammatory mediators that might contribute to OA include both peripheral sources, such as adipose 

tissue that increases with age, as well as local production within joint tissues. Although cell senescence 

and the development of the SASP serves as an attractive mechanism linking aging, inflammation, and 

OA, there is insufficient evidence that this occurs with normal aging in joint tissues. Excessive 

mechanical loading of the joint that is severe enough to lead to OA may result in stress-induced 

senescence and increased production of pro-inflammatory mediators [122]. Given that OA is a chronic 

disease that becomes more prevalent with age, it is difficult to separate effects of age from disease, 

particularly in studies of human tissues. It seems unlikely that any single pro-inflammatory mediator 

plays a key role in linking aging and OA. At least in male mice, deletion of IL-6, the cytokine that has 

been perhaps most closely related to aging, resulted in more severe rather than less severe OA [140]. 

Future studies will need to examine the balance of multiple pro-inflammatory and anti-inflammatory 

factors in order to better understand mechanisms by which this balance is disrupted in aging. Targeting 

these mechanisms and restoring a proper balance may help to slow or stop the progression of age-

related chronic conditions including OA. 

 

Given these premises, nutraceuticals are value-added dietary supplement products having immense 

potential in modulating key mechanisms and functions related to ageing, acting mainly to restore the 

impaired physiological mechanisms and metabolic processes. Therefore, this PhD thesis aims to clarify 

from an experimental scientific point of view the mechanism of action of some novel longevity-related 

natural products useful in the field of health improvement during ageing. Notably, it reported new 

strategies based on dietary supplements (chosen by their biological properties on the target site), 

analyzing their beneficial effects related to the down-regulation of the biological processes in the 

specific field, including neurodegenerative disorders and cognitive impairment, peripheral nervous 

system dysfunction, metabolic syndrome and cardiovascular disease, sarcopenia and osteoporosis, 

osteoarticular disorders and osteoarthritis, which are described in detail in the following chapters. 
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2) THE ROLE OF BDNF ON AGING-MODULATION MARKERS 

Research on neuronal ageing is taken from the article entitled "The Role of BDNF on Aging-Modulation 

Markers” [141]. Research on brain aging and on neurodegenerative diseases is one of the most 

important challenges that the scientific community has been facing in recent years. The mechanisms 

underlying brain aging recently described an important role exerted by a class of cell growth and 

survival factors called neurotrophins. Neurotrophins belong to a family of small proteins playing a 

fundamental role in both the central and the peripheral nervous systems. The main functions of these 

proteins are the regulation of axonal growth and neuronal differentiation. The neurotrophins family 

includes nerve growth factor, neurotrophin-3, neurotrophin-4/5 and even more important, brain-

derived neurotrophic factor (BDNF). Therefore, the aim of this study was to analyze the effect of low 

doses of BDNF on ROS production in both cultured astrocytes and cortical neurons by observing the 

behavior of endogenous antioxidant mechanisms. Furthermore, experiments were carried out to 

improve the tolerability of the substance by studying its ability to exert beneficial effects on the 

molecular pathways linked to viability in the nervous tissue. Finally, experiments were conducted both 

in vitro and in vivo to evaluate the characteristics of intestinal absorption after oral intake of BDNF and 

to evaluate the ability of BDNF to cross the BBB. 

 

 

2.1. MATHERIALS AND METHODS 

 

2.1.1. Preparation of BDNF Solutions 

All dilutions were prepared starting from a stock solution (0.001 ng/mL) of BDNF 4CH in 0.9% NaCl. 

Based on previous knowledge on activated blends [142], BDNF solutions were prepared at two 

different concentrations: 1 pg/mL for in vitro studies and 1.20 pg/mL for in vivo studies. Each 

concentration was prepared using the sequential kinetic activation (SKA) method [142]. These 

solutions are kinetically energized by a mechanically applied force via a standardized shaking process 

(sequential kinetic activation named SKA), characterized by vertical shaking corresponding to 100 

oscillations in 10 s. All solutions were prepared by GUNA Laboratories (GUNA S.p.a, Milan, Italy). 

For each treatment, the volume of each solution was calculated by comparing the volume added to the 

sample treated with 50 ng/mL BDNF for in vitro study [143] and with 25ng/mL BDNF [144] for in vivo 

experiments. The BDNF used to compare the results obtained with BDNF 1 pg/mL SKA was not 

subjected to SKA treatment in order to replicate the same experimental conditions as in other studies. 

 

2.1.2. Astrocytes Isolation 

Primary mouse astrocyte cultures were extracted from C57BL/6 mouse pups, following a classical 

technique [145] according to the National Guideline for the Use and Care of Laboratory Animals. 

Briefly, within 24 h of birth pups were euthanized, and cortices were dissected, minced, mechanically 

digested and left to settle for 30 min at room temperature. The cell suspension was centrifuged at 800 

rpm for 5 min and pelleted cells were resuspended in Neuronal Basal Medium (Sigma-Aldrich, Milan, 

Italy) supplemented with 5% fetal bovine serum (FBS, Sigma-Aldrich, Milan, Italy), 1% 

penicillin/streptomycin (Sigma-Aldrich, Milan, Italy) and 2 mM L-glutamine (Sigma-Aldrich, Milan, 
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Italy), plated in multi-wells and maintained in culture for 6 days before treatment. The cells were plated 

4 × 104 astrocytes/cm2 on a 24-well Transwell support to prepare the model BBB; 1 × 104 on 96-well 

plates for MTT and crystal violet staining; 4 × 104 cells were plated in black 96-well plates to study 

oxygen consumption and mitochondrial membrane potential; 5 × 104 cells were plated on 24-well plates 

to analyze reactive oxygen species (ROS) production; 2 × 105 cells were plated on 24-well plates to 

quantify BDNF; and 1 × 106 in 6-well plates to analyze the intracellular pathways by Western blot and 

ERK activity by ELISA test. 

 

2.1.3. Primary Cortical Neuronal Cells 

Primary mouse cortical neuronal cultures were obtained from the brains of P0 C57BL/6 mouse pups, 

as reported in literature [146]. All procedures used in these studies follow the guidelines in accordance 

with the National Institutes of Health Guidelines. Cortices were dissected from embryonic brains and 

the tissue was mechanically dissociated and left to settle for 30 min at room temperature. After 

centrifuging only, the supernatant was re-suspended in Neuronal Basal medium (Sigma-Aldrich, 

Milan, Italy) supplemented with 2% B27 (Sigma-Aldrich, Milan, Italy), 1% penicillin/streptomycin 

(Sigma-Aldrich, Milan, Italy) and 2 mM L-glutamine (Sigma-Aldrich, Milan, Italy). Cells were plated 

on pre-coated plates with 10 µg/mL poly-L-lysine at a density of 1 × 106 cells/mL and were maintained 

in incubator at 37 °C with 5% CO2 and 95% humidity. At three days from plating, the medium was 

changed. All experiments were performed on primary cortical neuronal cells grown for 9–10 days in 

vitro. The cells were plated 1 × 104 on 96-well plates for MTT; 5 × 104 cells were plated on 24-well plates 

to analyze reactive oxygen species (ROS) production; 2 × 105 cells were plated on 24-well plates to 

quantify BDNF; and 4 × 104 cells were plated in black 96-well plates to study oxygen consumption and 

mitochondrial membrane potential. 

 

2.1.4. In vitro Experimental Protocol 

Before treatment, both primary cortical neuronal cells and astrocytes were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM, Sigma-Aldrich, Milan, Italy) without red phenol and FBS, 

supplemented with 1% penicillin/streptomycin (Sigma-Aldrich, Milan, Italy) 2 mM L-glutamine 

(Sigma-Aldrich, Milan, Italy) and 1 mM sodium pyruvate (Sigma-Aldrich, Milan, Italy) at 37 °C, 5% 

CO2 and 95% humidity for 1h. Cells were treated with 1 pg/mL BDNF SKA and 50 ng/mL BDNF at T0, 

checked every 24 h, and maintained for 6 days (named 6 days protocol). The vehicle, a saline solution, 

was also analyzed. Moreover, the involvement of TrkB using a specific antagonist, 1 µg/mL ANA-12 

(Sigma-Aldrich, Milan, Italy) [147] treating cells 30 min before stimulation was investigated. 

Additional experiments were carried out to analyze the ability of BDNF solutions to restore the damage 

caused by oxidative stress, a major cause of aging and neurodegeneration. Both cortical neuronal cells 

and astrocytes were pre-treated with 200 μM H2O2 (Sigma-Aldrich, Milan, Italy) [148] for 30 min and 

then treated with 1 pg/mL BDNF SKA and 50 ng/mL BDNF. Finally, astrocytes were used in time-

course study within 24 h to mimic the human posology. 

 

2.1.5. Intestinal Barrier In vitro Model 

CaCo-2 cells (human epithelial colorectal adenocarcinoma cells), purchased from American Type 

Culture Collection (ATCC, Manassas, VA, USA), were used as an experimental model [149] to predict 
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the features of intestinal absorption following oral intake [150]. These cells were grown in a complete 

medium composed of Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM-F12, Sigma-

Aldrich, Milan, Italy) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Milan, Italy), 2 

mM L-glutamine (Sigma-Aldrich, Milan, Italy), 1% penicillin-streptomycin (Sigma-Aldrich, Milan, 

Italy) and maintained in an incubator at 37 °C with 5% CO2 and 95% humidity. Cells were used from 

passages 46 to 49 and seeded in 24-well polyester Corning® Costar® transwell plates (Sigma-Aldrich, 

Milan, Italy) in complete medium. The cells were cultured for up to 21 days in a humidified incubator 

maintained at 37 °C in an atmosphere of 5% CO2, changing medium every 3 days first basolaterally 

and then apically. The monolayer integrity was checked every 3 days (at the time of the medium 

change) [151]. After 21 days, 1pg/mL BDNF SKA and 50 ng/mL BDNF were added to culture medium 

under different pH conditions, as reported in literature [151]; pH 6.5 preparations were added to the 

apical side, whereas pH 7.4 was added to the basolateral side. The slightly acidic pH (pH 6.5) in the 

apical side represents the average pH in the lumen of the small intestine, whereas the neutral pH (pH 

7.4) in the basolateral side mimics the pH of the blood. During treatments, the cells were maintained 

in an incubator at 5% CO2, and at the end of stimulations the BDNF quantity was measured by ELISA 

kit after 30 min and 1, 3, 4, 5and 6h from stimulation. This model is suitable to predict the absorption 

of substances after oral intake by evaluating the apparent permeability coefficient (Papp) [151]. Briefly, 

the Papp (cm/s) was calculated as [149]: 

Papp = dQ/dt × 1/m0 × 1/A × VDonor 

dQ: amount of substance transported (nmol or μg) 

dt: incubation time (sec) 

m0: amount of substrate applied to donor compartment (nmol or μg) 

A: surface area of transwell membrane (cm2) 

VDonor: volume of the donor compartment (cm3) 

Negative controls without cells were tested to exclude transwell membranes influence. 

 

2.1.6. Blood–Brain Barrier (BBB) Experimental Model 

Astrocytes were co-cultured with human umbilical vein endothelial cells (HUVEC) cells according to 

methods reported in literature [152]. HUVEC were purchased from ATCC®. Cells were cultured in 

EGM Media (Lonza, Basel, Switzerland) supplemented with 10% FBS (Sigma-Aldrich, Milan, Italy), 1% 

penicillin/streptomycin (Sigma-Aldrich, Milan, Italy) and 2 mM Glutamine (Sigma-Aldrich, Milan, 

Italy) at 37 °C in a humidified atmosphere of 95% air, 5% CO2. In brief to create the BBB barrier, 4 × 104 

astrocytes/cm2 were plated on the basolateral side of the flipped 6.5 mm Transwells® with polyester 

membrane with 0.4 μm pore size (Corning Costar, Sigma-Aldrich, Milan, Italy) and left to attach for 4 

h. Transwells® were then placed into the normal orientation and the cells left to grow for 48 h. After 

this time, 1 × 105 HUVEC cells/cm2 were plated in the apical compartment. The inserts were then placed 

in a 24-well plate. After 7 days of culture, the Transwells® were treated and permeability studies were 

performed [153]. To understand the ability of tested substances to cross the blood–brain barrier the 

medium at the bottom side of the Transwells® was quantified over time by measuring the volume and 

the concentration of BDNF. 
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2.1.7. Brain-Derived Neurotrophic Factor (BDNF) Quantification 

Brain-derived neurotrophic factor (BDNF) quantification was measured by Rat BDNF Elisa Kit 

(Thermo ScientificTM, Waltham, MA, United States) in cellular supernatants obtained from basolateral 

environment of BBB, primary cortical neuronal cells, astrocytes, serum and brain tissue to quantify 

BDNF, following the manufacturer’s instructions. Tissues were washed in saline solution, weighed, 

cut in small pieces and homogenized 100 mg tissue/300  μL with cold lysis buffer (0.1  M Tris, 0.01  M 

NaCl, 0.025  M EDTA, 1% NP40, 1% Triton X-100; Sigma-Aldrich, Milan, Italy) supplemented with 

2 mM sodium orthovanadate, 0.1 M sodium fluoride (Sigma-Aldrich, Milan, Italy), 1:100 mix of 

protease inhibitors (Sigma-Aldrich, Milan, Italy), and 1:1000 phenylmethylsulfonyl fluoride (PMSF; 

Sigma-Aldrich, Milan, Italy), using an electric potter at 1600  rpm for 2  min. The tissue extracts were 

centrifuged at 13000  rpm for 20  min at 4 °C. 

The cellular and tissue supernatants were collected, and each sample was tested by ELISA kit. Briefly, 

biotinylated detection antibody was added into each well and the plate was incubated for 1 h at room 

temperature. Then, after 45 min of incubation with HRP-conjugated streptavidin, TMB substrate 

solution was added for 30 min and subsequently the reaction was stopped by adding Stop Solution. 

BDNF concentration was determined by measuring the absorbance through a spectrometer (VICTOR 

X4, multilabel plate reader) at 450  nm and calculated by comparing results to BDNF standard curve. 

 

2.1.8. MTT Assay 

MTT-based In vitro Toxicology Assay Kit (Sigma-Aldrich, Milan, Italy) was performed on both cell 

types to determine cell viability, as previously described [154]. Briefly, at the end of each stimulation, 

the cells were incubated with 1% MTT dye for 2 –3 h at 37 °C in incubator, until the purple crystals 

were dissolved in equal volume of MTT Solubilization Solution. The relative viability (%) was based 

on absorbance measuring through a spectrometer (VICTOR X4, Multilabel Plate Reader) at 570 nm 

with correction at 690 nm. Finally, viability was calculated comparing results to control cells (defined 

as 100% viable). 

 

2.1.9. Crystal Violet Staining 

After each treatment astrocytes were fixed with 1% glutaraldehyde (Sigma-Aldrich, Milan, Italy) for 

15 min at room temperature, washed, and stained with 100 µL 0.1% aqueous crystal violet (Sigma-

Aldrich, Milan, Italy) for 20 min at room temperature. To multi-well plates, 100 µL of 10% acetic acid 

was added and mixed before reading the absorbance at 595 nm using a spectrometer (VICTOR X4, 

multilabel plate reader). The estimated number was calculated by comparing the results to the control 

cells counted at T0. 

 

2.1.10 ROS Production 

The rate of reactive species of oxygen (ROS) was measured using a standard protocol based on the 

addition of cytochrome C (Sigma-Aldrich, Milan, Italy) to the samples and to another sample of 100 

μL superoxide dismutase (Sigma-Aldrich, Milan, Italy). They were added for 30 min in an incubator 

at 37 °C, 5% CO2, and 95% humidity to determine the antioxidant capability of BDNF solutions on the 

BBB model, primary cortical neuronal cells and astrocytes. At the end of stimulations, 100 µL of 
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supernatant were measured at 550 nm using a spectrometer (VICTOR X4, multilabel plate reader) and 

O2 was expressed as the mean ± SD (%) of nanomoles per reduced cytochrome C per micrograms of 

protein compared to control [155]. 

 

2.1.11 NO Production 

Nitric Oxide (NO) production was measured by Griess Assay (Promega Corporation, Madison, 

Wisconsin, United States). After 6 days of treatment, supernatants of basolateral BBB were mixed with 

equal volumes of Griess reagent and incubated in the dark at room temperature for 10 min; absorbance 

was measured by a spectrometer at 570 nm. NO production corresponded to the NO (μmol) produced 

after each stimulation by samples, each containing 1.5 μg of protein [156]. 

 

2.1.12 Mitochondrial Membrane Potential 

The mitochondrial membrane potential was analyzed following manufacturer’s instructions of 

Oxygen Consumption/Mito membrane Potential Dual Assay Kit (Cayman Chemical Company, Ann 

Arbor, MI, United States) [142]. The mitochondrial membrane potential was measured using JC-1 

aggregates at an excitation/emission of 560/590 nm and monomers at an excitation/emission of 485/535 

nm in a fluorescence spectrometer (VICTOR X4, multilabel plate reader). The results are expressed as 

means ± SD (%) compared to control cells in both cell types. 

 

2.1.13 ERK Activation Assay 

ERK/MAPK activity was measured by the InstantOne™ ELISA (Thermo Fisher, Milan, Italy) on 

astrocytes lysates following the manufacturer’s instructions [155]. Briefly, 50 μL/well of astrocytes 

lysed with cell lysis buffer were tested in InstantOne ELISA microplate strips after 1 h at room 

temperature on a microplate shaker with the antibody cocktail. At the end, the detection reagent was 

added for 20 min and then stopped by adding stop solution. The strips were measured by a 

spectrometer (VICTOR X4 multilabel plate reader) at 450 nm. The results were expressed as mean 

absorbance (%) compared to control. 

 

2.1.14 Western Blot 

To perform Western blot analysis, 1 × 106 astrocytes plated in 6-well were lysed in ice with Ripa Buffer 

(50 mM Hepes, 150 mM NaCl, 0,1% SDS, 1% Triton X-100, 1% deoxycholate acid, 10% glycerol, 1.5 mM 

MgCl2, 1 mM EGTA, 1 mM NaF; Sigma-Aldrich, Milan, Italy) supplemented with 2 mM sodium 

orthovanadate and 1:100 mix Protease Inhibitor Cocktail (Sigma-Aldrich, Milan, Italy). 30 µg proteins 

were resolved on 8% and 15% SDS-PAGE gels. Brain tissue was also analyzed by Western blot to verify 

the mechanisms observed in cell culture. At the end of treatments brain tissue was excised out, washed 

in ice saline solution, weighed, cut in small pieces, and homogenized 100 mg tissue/300 µL with cold 

lysis buffer (0.1 M Tris, 0.01 M NaCl, 0.025 M EDTA, 1% NP40, 1% Triton X-100; Sigma-Aldrich, Milan, 

Italy) supplemented with 2 mM sodium orthovanadate, 0.1 M sodium fluoride (Sigma-Aldrich, Milan, 

Italy), 1:100 mix of protease inhibitors (Sigma-Aldrich, Milan, Italy), and 1:1000 phenylmethylsulfonyl 

fluoride (PMSF; Sigma-Aldrich, Milan, Italy), using an electric potter at 1,600 rpm for 2 min. The tissue 

extracts were centrifuged at 13,000 rpm for 20 min at 4 °C and 40µg of each lysate were resolved on 8% 

and 15% SDS- PAGE gel. Polyvinylidene difluoride (PVDF) membranes (GE Healthcare Europe 
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GmbH, Milan, Italy) obtained from cell and brain tissue lysates were incubated overnight at 4 °C with 

specific primary antibody: anti-phospho-tyrosine receptor kinase B (p-TrkB, Tyr515; 1:250, Santa Cruz, 

CA, United States), anti-tyrosine receptor kinase B (trkB; 1:250, Santa Cruz, CA, United States), anti-

Apolipoprotein E (apoE, E4; 1:250, Santa Cruz, CA, United States), anti-phospho-Sirtuin1 (pSIRT1, 

Ser47; 1:1000, Sigma-Aldrich, Milan, Italy), anti-Phospho-p44/p42 Mitogen-activated protein kinase 

(pERK/MAPK, Thr202/Tyr204; 1:1000, Euroclone, Milan, Italy), anti-p44/p42 Mitogen-activated protein 

kinase (ERK/MAPK; 1:1000, Euroclone, Milan, Italy) and anti-Phospho-Tau (pTau, Ser262; 1:250, 

Thermo Fisher Scientific, Waltham, MA, United States). In addition, in brain anti-BDNF (1:500, Sigma-

Aldrich, Milan, Italy) and anti-β-Amyloid (APP, B-4, 1:500, Santa Cruz, CA, United States) were also 

investigated. All protein expressions were normalized to the specific total protein (if possible), verified 

through β-actin detection (1:5000, Sigma-Aldrich, Milan, Italy) and expressed as mean ± SD (%). 

 

2.1.15 Animal Model 

12-month-old mice wild type C57BL/6jOlaHsd of comparable age to an elderly human (about 80 years 

old) [157] purchased from Envigo++++ (Bresso, Italy), were used to confirm the effects of BDNF 

solutions in a complex model (n = 52). Starting from a new protocol to induce a spontaneous intake 

[158], we created a new rissole without bromophenol blue containing 1.2 pg/mL BDNF SKA or 25 

ng/mL BDNF which is voluntary eaten by old mice. The quantity of rissoles was calculated considering 

the quantity of food and daily water normally taken by the animals [159]. The animals had access to 

food and water ad libitum and the experimental subjects were transferred to a single cage and kept in 

a single holding room and housed in a constant temperature of 21–22 °C, humidity of 5–55%, for 3 h 

[158]. Due to the short time taken to administer the rissole, mice showed no signs of social deprivation, 

such as increased aggressiveness. These signs have in fact been observed for periods of social 

deprivation of 6 h [160]. After this time, the rissole was added in the lower part of the cage, but the 

mouse had free access to food and water in the upper part. Time of stimulation started from the 

addition of the rissole. During the whole period of treatment, the mice were monitored to assess their 

health status. Serum was obtained from blood of intracardiac withdrawal after inducing anesthesia, 

and brain tissue was obtained after animal death. All experimental procedures on animals were 

reviewed and approved by the University Committee OPBA (Organismo preposto al benessere degli 

animali) in accordance with local ethical standards and protocols approved by national guidelines 

(Approval No. 41/2019-PR). Animals were randomized into four different times of treatment: untreated 

(12 animals, 4 for each time of treatment), 24 h (20 animals), 24 h plus 24 h (10 animals) and 6-day 

protocol (only one administration for 6 days, 10 animals). In particular, 24 animals were sacrificed after 

24 h and 14 animals were sacrificed after 48 h (24 h with rissole plus 24 h without rissole administration 

but the animals had access to food and water ad libitum in the upper part of cage). Finally, to 

demonstrate the efficacy of treatment, 14 animals were sacrificed 6 days after the only administration 

of BDNF solution (6-day protocol). All groups were sacrificed at specific time points (24 h, 24 h plus 24 

h and 6 days) by CO2 asphyxiation and blood drawn at the same time. The blood was centrifuged at 

3500 rpm for 15 min at room temperature and the serum was conserved at −80 °C for subsequent 

experiments. In addition, the brain was removed, frozen and conserved at −80 °C for successive 

analysis by ELISA and Western blot on whole brain tissue lysates. 
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2.1.16 Statistical Analysis 
Each part of the study is supported by at least 4 independent experiments both in vitro and in vivo. All 

results were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test; 

data are expressed as mean ± SD of at least four independent experiments for each experimental 

protocol produced in triplicates. The percentage values were compared through Mann–Whitney U test. 

Comparisons between the two groups were performed using a two-tailed Student’s t-test. Multiple 

comparisons between groups were analyzed by two-way ANOVA followed by a two-sided Dunnett 

post hoc testing. p-Value < 0.05 was considered statistically significant. 

 

 

2.2. RESULTS 

 

The effectiveness of BDNF SKA was investigated by both in vitro and in vivo experiments, comparing 

1 pg/mL and 1.2 pg/mL to BDNF 50 ng/mL and 25 ng/mL, respectively. 

 

2.2.1. The Potential Intestinal Absorption as Evaluated In vitro 

Since BDNF SKA can be used by oral administration in human, the in vitro intestinal absorption was 

investigated. An in vitro intestinal barrier model was carried out to understand the ability of 1 pg/mLe 

and comparable to that of 5 BDNF SKA compared to 50 ng/mL BDNF to cross the intestinal barrier and 

to become available to the body. Analyzing the volume in the basolateral compartment 1 pg/mL BDNF 

SKA showed a significant increase in absorption capacity compared to saline and comparable to that 

of 50 ng/ml of BDNF at each stimulation time (Table 1). In particular, the maximum Papp, the 

permeability constant value, was observed at 1 h of treatment with 1 pg/mL BDNF SKA (about 4.18 ± 

0.1), supporting the hypothesis that BDNF SKA can cross the intestinal barrier. Following a standard 

conversion to predict the human absorption after oral intake starting from the Papp values obtained 

from Caco-2 cells, the BDNF bioavailability in human (Table 1) showed an increase caused by 1 pg/mL 

BDNF SKA compared to saline solution and 50 ng/mL BDNF at each time of treatments and confirmed 

a higher level at 1 h of stimulation (about 4% compared to 50 ng/mL BDNF). These data confirm that 1 

pg/mL BDNF SKA is able to cross the intestinal barrier and to has a good bioavailability compared to 

50 ng/mL BDNF. 

Since safety is the main problem affecting human use, additional experiments on ROS production were 

performed on the intestinal barrier to exclude any adverse effects. Both 50 ng/mL BDNF and 1 pg/mL 

BDNF were able to maintain ROS at physiological levels (p > 0.05 vs. saline solution and control), 

supporting the safe use of this substance. Besides, the higher effect of 1 pg/mL BDNF compared to 50 

ng/mL was observed after 3 and 4 h of treatment (p < 0.05; compared to saline solution, 50 ng/mL BDNF 

and control) demonstrating the best antioxidant action of BDNF SKA. 

These data support the hypothesis that BDNF SKA is able to cross the intestinal barrier and reach the 

blood in the first 3–4 h after oral intake. 
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Table 1. The Papp values obtained on intestinal barrier model and plasmatic human absorption derived from Papp value. 

Saline= saline solution Data are expressed as means +- SD (%) of four independent experiments reproduced in triplicates. 

 

2.2.2 Permeability of BDNF SKA Through Blood–Brain Barrier (BBB) 

Since the most important parameter after oral intake is the ability of BDNF to reach the brain tissue, 

more experiments were performed using the BBB in vitro model. The analysis on the basolateral 

volume of 1 pg/mL BDNF SKA and 50 ng/mL BDNF showed no significant difference between 1 pg/mL 

BDNF SKA and 50 ng/mL BDNF (Figure 4A), but the quantification showed a significant increase (p < 

0.05) of both 1 pg/mL BDNF SKA and 50 ng/mL BDNF compared to control and to saline solution 

(about 41% and about 44%, respectively). These data suggest that only one treatment for six days 

appears to be more important to obtain a greater effect. Furthermore, ROS production was analyzed 

in order to exclude any adverse effect caused by BDNF solutions. As shown in Figure 4B, there was no 

difference evident between 1 pg/mL BDNF SKA and 50 pg/mL BDNF and the effects of both solutions 

were not significant (p > 0.05) compared to control, indicating a physiological ROS production. These 

data confirmed the hypothesis of the higher effectiveness of administration protocol. 

Since maintaining the balance of oxidative condition is an important parameter to preserve the 

integrity of brain cells, some additional experiments were carried out to analyze NO production within 

the BBB (Figure 4C). At basolateral level, the NO production induced by protocol A was significantly 

reduced compared to control (p < 0.05). In particular, there was no significant difference between 1 

pg/mL BDNF SKA and 50 ng/mL BDNF treatment, suggesting that BDNF solutions were not cytotoxic. 

These results suggest that 1 pg/mL BDNF SKA had a similar effect to 50 ng/mL SKA despite the 

different concentrations and that only one treatment is able to induce a beneficial effect. Finally, BDNF 

SKA is confirmed to act without any adverse effect at the neuronal level.  
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Figure 4. Analysis of the effects at blood–brain barrier (BBB) level. (a) Brain-derived neurotrophic factor (BDNF) 

quantification, (b) reactive oxygen species (ROS) production and (c) NO measurements are reported. Data are expressed as 

means ± SD (%) of four independent experiments performed in triplicates normalized to control (0 line as control). * p < 0.05 

vs. control; ** p < 0.05 vs. saline solution. 

 

2.2.3 Topic Action of BDNF SKA on Monolayer Culture 

BDNF has been demonstrated to be able to act on both cortical neuronal cells and astrocytes, additional 

experiments were performed in order to investigate cell viability and ROS production in these 

monolayer cultured cells. In particular, 1 pg/mL of BDNF SKA induced a significantly greater cell 

viability (Figure 5A) both in primary cortical neuronal cells and in astrocytes compared to control (p < 

0.05) and 50 ng/mL of BDNF (in neuronal cells approximately 124% and 75%, respectively, in the 

astrocytes approximately 58.6% and 171%, respectively). These findings suggest that though BDNF 

SKA was used at lesser concentrations it was able to determine a greater effect on cell viability 

compared to the higher concentration; furthermore, these results support the hypothesis of the 

effectiveness of the single administration compared to multiple administrations. Since an important 

contributing factor to brain aging is the exaggerated ROS production, additional experiments on ROS 

production were performed on both cell types following both protocols of treatments (Figure 5B). 

Results obtained from these experiments show that 1 pg/mL BDNF SKA was able to maintain ROS 

production within physiological range in both cortical neuronal cells and astrocytes (p > 0.05 vs. 

control). These data suggest that BDNF SKA is able to maintain the redox balance even in monolayer 



 37 

cultured cells. Although 50 ng/mL BDNF also shows similar properties, the effect was significantly 

lower compared to 1 pg/mL BDNF SKA. 

Basing on previous observation of viability and ROS production in astrocytes, the involvement of 

BDNF solutions in cell proliferation was also investigated by crystal violet staining. As reported in 

Figure 5C, 1 pg/mL BDNF SKA treatment was able to increase the proliferation of astrocytes (p < 0.05) 

compared to control (about 43.9% and 13.4%, respectively) and to saline solution (about 43.5% and 

29.6%, respectively). In addition, the importance of the concentration used was confirmed as well. 

Indeed, 1 pg/mL BDNF SKA is more effective than 50 ng/mL BDNF (about 3.1%). 

Figure 5. Effects of BDNF solutions on primary cortical neuronal cells and astrocytes. (a) Cell viability and (b) ROS production 

measured on both cell types. (c) The effects on astrocytes proliferation are shown. Data are expressed as means ± SD (%) of 

four independent experiments performed in triplicates normalized to control (0 line as control). * p < 0.05 vs. control; ** p < 

0.05 vs. saline solution; φ p < 0.05 vs. the same treatments between primary cortical neuronal cells and astrocytes in the same 

protocol. 
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2.2.4 Intracellular Pathways Activated by BDNF SKA on Monolayer Culture 

Since all results reported above show a better influence in astrocytes compared to the same protocol 

on neurons, the intracellular pathways involved were investigated only on astrocytes. 

In this phase of the study, the intracellular pathways involved in the previously observed effects were 

studied. The effects induced by 1 pg/mL BDNF SKA on ApoE expression, SIRT1 phosphorylation, 

ERK/MAPK pathway and the levels of activation of the BDNF receptor, TrkB, were studied. 

As reported in Figure 6A, BDNF solutions seemed to act by the TrkB receptor. No significant 

differences were observed between 50 ng/mL BDNF and 1pg/mL BDNF SKA, indicating the ability of 

1 pg/mL BDNF SKA to lead TrkB receptor to exert its effects despite the low dose used. As far as the 

ApoE expression is concerned, was significantly increased by 1 pg/mL BDNF SKA (p < 0.05) compared 

to 50 ng/mL BDNF (about 80%) (Figure 6B). As illustrated in Figure 6C, phosphorylation of SIRT1 

induced by 1 pg/mL BDNF SKA (p < 0.05) was increased compared to 50ng/mL BDNF (about 30%), 

supporting the efficacy of the dosage to increase the presence of this molecule. Finally, as shown in 

Figure 6D, BDNF has been observed to increase the ERK1/2 expression and the greater effect was 

obtained with 1 pg/mL BDNF SKA (p < 0.05) compared to 50 ng/mL BDNF (about 37%). 

 

 

 

Figure 6. Analysis of intracellular pathways activated by BDNF solutions in astrocytes. In the left column densitometric 

analysis and in the right the examples of Western blot are reported. (a) TrkB receptor, (b) ApoE(4), (c) SIRT1 and (d) 

ERK/MAPK expressions are shown. Data are expressed as means ± SD (%) of five independent experiments normalized on 

specific total protein if possible and verified by β-actin detection. * p < 0.05 vs. control; ** p < 0.05 vs. saline solution; φ p < 

0.05 vs. 50 ng/mL BDNF. 

 

Additional experiments were performed to confirm the involvement of the TrkB receptor in previously 

observed effects, using a pre-treatment with the selective TrkB antagonist ANA-12 (1 µg/mL) on 

astrocytes. As reported in Figure 7, in the presence of both BDNF solutions, TrkB expression was 

abolished by the pre-treatment with 1 µg/mL ANA-12, confirming that both BDNF solutions acted 

through the TrkB receptor to explain their effects on astrocytes. These data confirm the importance of 
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the dosage and the protocol of treatment to obtain a beneficial effect on astrocytes under physiological 

conditions. 

 

Figure 7. Analysis of TrkB receptor under blocking condition on astrocytes. In the upper panel densitometric analysis and in 

the lower panel an example of Western blot is reported. Data are expressed as means ± SD (%) of five independent experiments 

normalized on specific total protein and verified by β-actin detection. ANA-12 = 1 µg/mL ANA-12. * p < 0.05 vs. control; ** p 

< 0.05 ANA-12; φ p < 0.05 vs. the same treatments without ANA-12. 

 

2.2.5 Effects of BDNF Solutions Under Oxidative Conditions 

Cell viability and ROS production were evaluated in cortical neuronal cells and astrocytes in order to 

understand the potential aging-prevention mechanism of 1 pg/mL BDNF SKA and 50 ng/mL BDNF 50 

ng/mL under oxidative conditions. Exposure to 200 μM H2O2, in both cell types significantly reduced 

(p < 0.05) cell viability compared to control (Figure 8A), indicating cell loss caused by oxidative injury. 

Conversely, following post-treatment with 1 pg/mL BDNF SKA and 50 ng/mL BDNF, cell viability 

increased in a different manner between cell types. Indeed, only in astrocytes did both BDNF solutions 

significantly increase cell viability (p < 0.05), but the main effect was observed with 1 pg/mL BDNF 

SKA in both cell types (p < 0.05 vs. H2O2 alone), confirming the importance of doses and posology also 

under pathological conditions. Additional experiments on ROS production were performed. Exposure 

of cortical neuronal cells and astrocytes to 200 μM H2O2 significantly increased the intracellular ROS 

production compared to control (p < 0.05), as illustrated in Figure 8B, confirming the presence of 

oxidative damage. Post-treatment with 1 pg/mL BDNF SKA and 50 ng/mL BDNF in both cell types 

caused a significant reduction of ROS production (p < 0.05) compared to H2O2 alone, supporting the 

hypothesis of the importance of BDNF during degeneration to prevent cell loss. These data suggest 
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that 1 pg/mL BDNF SKA is able to counteract the damage induced by oxidative stress with greater 

effectiveness compared to 50 ng/mL BDNF. 

 

Figure 8. Cell viability and ROS production on both protocols in primary cortical neuronal cells and astrocytes under oxidative 

condition. (a) Cell viability and (b) ROS production measured in primary cortical neuronal cells (on the left) and astrocytes 

(on the right) after treatments. H2O2 = 200µM H2O2 added 30 min before stimulations. Data are expressed as means ± SD (%) 

of five independent experiments performed in triplicates normalized to control (0 line as control). * p < 0.05 vs. control; ** p < 

0.05 vs. H2O2; φ p < 0.05 vs. H2O2+50 ng/mL BDNF in the same cells. 

 

Since the data obtained from the two cell types were comparable, the analysis of intracellular pathways 

under oxidative conditions was conducted only on astrocytes. BDNF solutions exerted their biological 

actions by improving TrkB receptor expression even in the presence of H2O2, as shown in Figure 9A, 

(p < 0.05 versus control). No significant changes were observed between the two BDNF solutions. 

Moreover, the expressions of ApoE and of Tau, an important protein that modulates the stability of 

axonal microtubules, were analyzed. As reported in Figure 9B, the stimulation with H2O2 alone caused 

a significant decrease of ApoE expression compared to control (p < 0.05), indicating a loss of 

neuroplasticity. Conversely, the treatments with 1pg/mL BDNF SKA and 50 ng/mL BDNF repaired the 
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damage and the expression of ApoE was increased. In particular the main effect was observed by 1 

pg/mL BDNF SKA compared to 50 ng/mL BDNF (p < 0.05, about ten fold larger). The presence of the 

damage was confirmed by Tau phosphorylation, as reported in Figure 9C, where the level was even 

higher than control (p < 0.05). After treatment with 1 pg/mL BDNF SKA compared to 50 ng/mL BDNF 

the phosphorylation was significantly reduced (p < 0.05, about 56%), indicating the efficacy of 1 pg/mL 

BDNF SKA to restore damage. In addition, the analysis of SIRT1 confirms the protection exerted by 1 

pg/mL BDNF SKA and 50 ng/mL BDNF against H2O2damage (Figure 9D); 1 pg/mL BDNF SKA and 50 

ng/mL BDNF were able to induce a significant increase in SIRT1 phosphorylation compared to 

H2O2alone (p < 0.05) and to control (p < 0.05). However, the main effect was shown by 1 pg/mL BDNF 

SKA compared to 50ng/mL BDNF (about 85%). All these findings support the hypothesis that 

treatment with BDNF SKA can protect neuronal cells from the damage induced by the aging process 

better than high dose BDNF. Finally, as reported in Figure 9E, the activation of TrkB induced cells’ 

survival by the involvement of ERKs/MAPK; indeed, 1 pg/mL BDNF SKA and 50 ng/mL BDNF added 

after the injury were able to induce a significant increase on ERK activity compared to H2O2alone (p< 

0.05) and to control (p < 0.05). However, the main effect was observed in presence of 1 pg/mL BDNF 

SKA compared to 50 ng/mL BDNF (about 90%). 
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Figure 9. Analysis of intracellular pathways activated by BDNF solutions in astrocytes under oxidative condition. Kinase 

activity, densitometric analysis and Western blot are reported. (a) TrkB receptor, (b) ApoE(4), (c) Tau, and (d) SIRT1 

expressions and (e) ERK/MAPK activity. Data are expressed as means ± SD (%) of five independent experiments and the 

densitometric analyses are normalized on specific total protein if possible and verified by β-actin detection. * p < 0.05 vs. 

control; ** p < 0.05 vs. H2O2; φ p < 0.05 vs. H2O2+50 ng/mL BDNF. 
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2.2.6 Daily Duration of the Effects of BDNF Solutions on Neurons and Astrocytes 

Since BDNF can be used as a dietary supplement in humans, some experiments were carried out to 

better clarify the optimal dosing schedule. The effects of 1 pg/mL BDNF SKA and 50 ng/mL BDNF 

during 24 h on both cell types were studied analyzing BDNF concentration, cell viability and 

mitochondrial potential. 

As reported in Figure 10A, treatments with 1 pg/mL BDNF SKA and 50 ng/mL BDNF on both cell types 

caused a similar time-dependent increase in BDNF concentration. This effect showed significance from 

1 h, compared to control (p < 0.05), and the maximum effect was observed at 24 h (23% and 22% 

compared to control, respectively, in neurons; about 26% and 25% compared to control, respectively, 

in astrocytes). No significant changes between the two BDNF solutions were observed, indicating the 

comparable effectiveness of low dose SKA to high-concentration BDNF. However, 1 pg/mL BDNF had 

better tolerability, demonstrated by better cell viability (p < 0.05) compared to 50 ng/mL BDNF. This 

effect was significant starting from 6 h in neurons and 3 h in astrocytes, with a maximum effect on both 

types of cells at 24 h (about 80% and about 60% vs. 50 ng/mL, respectively), as shown in Figure 10B. 

Since cell viability depends on mitochondrial activity, the analysis of mitochondrial potential variation 

was performed (Figure 10C). Both BDNF solutions modulated mitochondrial potential in a time-

dependent manner with a significant increase from 3 h in neurons and from 30 min in astrocytes 

compared to control (p < 0.05). However, no significant changes were observed between the two BDNF 

solutions. 

These results therefore allow us to state that low dose BDNF SKA administration has more beneficial 

effects on neurons and astrocytes than high dose BDNF, prolonged over time to cover 24 h. 
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Figure 10. Effects of BDNF solutions within 24h on primary cortical neuronal cells and astrocytes. In the left column primary 

cortical neuronal cells and in the right column astrocytes are shown. (a) BDNF quantification and (b) cell viability measured 

after BDNF treatments. Data are expressed as means ± SD (%) of five independent experiments performed in triplicates 

normalized to control (0 line as control). (c) The mitochondrial membrane potential is investigated in the same condition. 

Data are expressed as means ± SD of five independent experiments performed in triplicates normalized to control (1 line as 

control). * p < 0.05 vs. control; ** p < 0.05 between 1 pg/mL BDNF SKA and 50 ng/mL BDNF. 

 

2.2.7.  Analysis of Bioavailability of BDNF Solutions and Their Effects in Mouse Brain 

To confirm the ability of BDNF solutions to cross enterohepatic circle and the blood–brain barrier and 

act in brain tissue, some experiments were performed in vivo using wild type C57BL mice. Since in 

humans the administration would be daily, in some experiments 1.2 pg/mL BDNF SKA and 25 ng/mL 

BDNF were administered to animals by rissoles and BDNF concentration in both serum and brain 

tissues were analyzed after 24 h. In addition, to verify the stability of the effects, additional experiments 



 45 

were carried out adding 24h without stimulations. As reported in Figure 11A, 1.2 pg/mL BDNF SKA 

had a greater ability to get through the enterohepatic circle compared to 25 ng/mL BDNF (about 43%) 

and to control (p < 0.05) at 24 h. Moreover, 1.2 pg/mL BDNF SKA tended to remain in blood circulation 

longer (at least 24 h longer), compared to 25 ng/mL BDNF (about 68%). Since BDNF is present in blood, 

it is important to verify its presence also in brain tissue (Figure 11B). In administration of both 1.2 

pg/mL BDNF SKA and 25 ng/mL BDNF, it was able to enter the brain, as illustrated by BDNF 

quantification analysis (p < 0.05 vs. control). In addition, 1.2 pg/mL BDNF SKA was able to remain for 

a longer time (24 h plus 24 h) in brain tissue compared to 25 ng/mL BDNF (about 55%, p < 0.05) and 

1.2 pg/mL BDNF SKA at 24 h (about 20%, p < 0.05). These findings demonstrate the importance of 

doses and posology of administration of BDNF SKA to induce a better influence on brain tissue. 

 

Figure 11. BDNF quantification in mice in serum and brain tissue. (a) Serum quantification and (b) BDNF quantification in 

brain tissue are reported. Each graph contains on the left the results obtained at 24h (12 animals) and on the right (12 animals) 

at 24 h plus 24 h (24 h+24 h). Data are expressed as means ± SD (%) normalized to control (0 line as control). * p < 0.05 vs. 

control; ** p < 0.05 vs. saline solution; φ p < 0.05 vs. the same treatments at the same time of administration; φφ p < 0.05 vs. 

the same treatments at 24 h and 24 h plus 24 h. 

 

To verify whether the mechanism activated by BDNF solutions is the same as the one observed in cells 

during in vitro experiments, the effects of 1.2 pg/mL BDNF SKA and 25 ng/mL BDNF on some main 

markers were investigated by Western blot. Since BDNF is necessary for survival of neurons in the 

brain, after encoding by this gene its expression was investigated, as reported in Figure 12A. 1.2 pg/mL 

BDNF SKA and 25 ng/mL BDNF both at 24 h and 24 h plus 24 h were able to induce the expression of 

BDNF compared to control (p < 0.05), indicating a better influence of stimulations. Moreover, 1.2 pg/mL 
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BDNF SKA at 24 h and 24 h plus 24 h caused a significant increase compared to and 25 ng/mL BDNF 

(about 50% and about 62%, respectively), indicating the induction of endogenous production of BDNF 

by physiological mechanism, as shown by the significant increase induced by 1.2 pg/mL BDNF SKA at 

24 h plus 24 h with respect to at 24 h (p < 0.05, about 24%). 

These effects were mediated by the TrkB receptor, which was expressed in a similar manner in both 

times of treatment between 1.2 pg/mL BDNF SKA and 25 ng/mL BDNF (p < 0.05 vs. control, Figure 

12B). Since β-Amyloid precursor protein (APP) plays a central role, the beneficial effects exerted by 

both BDNF solutions were also assessed by the quantification of APP, as shown in Figure 12C. 1.2 

pg/mL BDNF SKA and 25 ng/mL BDNF increased APP compared to control (p < 0.05) at 24h and 1.2 

pg/mL BDNF SKA seemed to have a greater effect compared to 25 ng/mL BDNF (about 2.5 times). In 

addition, the APP activity at 24 h plus 24 h demonstrated the physiological action of 1.2 pg/mL BDNF 

SKA compared to 25 ng/mL BDNF (p < 0.05), indicating a better regulation exerted by 1.2 pg/mL BDNF 

SKA on central nervous tissue. 
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Figure 12. Western blot and densitometric analysis of BDNF protein (a), TrkB (b) receptor and (c) APP protein expressions in 

brain tissue. In the left column densitometric analysis and in the right the examples of Western blot are reported. Each graph 

contains on the left the results obtained at 24 h (12 animals) and on the right (12 animals) at 24 h plus 24 h (24 h+24 h). Data 

are expressed as means ± SD (%) of independent experiments normalized on specific total protein if possible and verified by 

β-actin detection. * p < 0.05 vs. control; ** p < 0.05 vs. 25 ng/mL BDNF at the same time of administration; φ p < 0.05 vs. 1.2  

pg/mL BDNF SKA between 24 h and 24 h plus 24 h; φφ p < 0.05 vs. 25 ng/mL BDNF between 24 h and 24 h plus 24 h. 
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Moreover, since in vivo and in vitro studies suggested that ApoE may drive neurodegeneration through 

an Aβ-dependent mechanism, ApoE expression was assessed as well. As reported in Figure 13A, a 

significant increase of ApoE expression compared to control (p < 0.05) was observed in the presence of 

both 1.2 pg/mL BDNF SKA and 25 ng/mL BDNF in both time points, indicating a positive effect of 

BDNF on central nervous tissue. Moreover, the activation of TrkB by 1.2 pg/mL BDNF SKA and 25 

ng/mL BDNF was able to induce a significant increase in ERKs expression compared to control (p < 

0.05) in both time points. Therefore, a potential role of BDNF in tissue recovery through the 

involvement of ERKs/MAPK (Figure 13B) can be hypothesized. These findings support what was 

observed in astrocytes. However, the main effect was observed at 24 h in the presence of 1.2 pg/mL 

BDNF SKA compared to 25 ng/mL BDNF (p < 0.05, about three fold) and to 1.2 pg/mL BDNF SKA at 

24 h plus 24 h (p < 0.05, about 30%). The last test of this series of experiments concerned the study of 

the expression of SIRT1. The analysis of SIRT1 confirms the beneficial effects exerted by 1.2 pg/mL 

BDNF SKA and 25 ng/mL BDNF (Figure 13C). In both 24 h and 24 plus 24 h, 1.2 pg/mL BDNF SKA 

and 25 ng/mL BDNF were able to induce a significant increase on SIRT1 phosphorylation compared to 

control (p < 0.05). However, the main effect was shown by 1.2 pg/mL BDNF SKA on both time points 

compared to 25 ng/mL BDNF (about 70% and 73%, respectively, p < 0.05). All these findings support 

the hypothesis that treatment with BDNF SKA can induce physiological mechanisms potentially able 

to slow down degeneration and protect brain during time. 
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Figure 13. Western blot and densitometric analysis of ApoE (a), ERK/MAPK (b,c) SIRT1 expressions in brain tissue. In the left 

column densitometric analysis and in the right the examples of Western blot are reported. Each graph contains on the left the 

results obtained at 24 h (12 animals) and on the right (12 animals) at 24 h plus 24 h (24 h + 24 h). Data are expressed as means 

± SD (%) of independent experiments normalized on specific total protein if possible and verified by β-actin detection. * p < 

0.05 vs. control; ** p < 0.05 vs. 25 ng/mL BDNF at the same time of administration; φ p < 0.05 vs. 1.2 pg/mL BDNF SKA between 

24 h and 24 h plus 24 h; φφ p < 0.05 vs. 25 ng/mL BDNF between 24 h and 24 h plus 24 h. 
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2.2.8. Effects of BDNF Solutions in Mouse Brain During Time 

To verify whether the efficacy of BDNF SKA was maintained for a long time, the mice were treated 

following the 6-day protocol previously used in cells experiments. As reported in Figure 14A, the 

administration of 1.2 pg/mL BDNF SKA and 25 ng/mL BDNF maintained the serum BDNF levels up 

to six days compared to control (p < 0.05). Besides, 1.2 pg/mL BDNF SKA was able to maintain high 

BDNF level compared to 25 ng/mL BDNF (about two fold higher). Similarly, the administration of 1.2 

pg/mL BDNF SKA demonstrated better effectiveness (p < 0.05) compared to 25 ng/mL BDNF (about 

80%) at brain tissue level (Figure 14B). These data suggest that BDNF SKA tends to remain present for 

a long time in brain tissue even in the absence of treatment, by triggering its physiological production 

better than BDNF at a high dose. 

To confirm this, some additional experiments were performed to analyze BDNF protein (Figure 14C) 

and TrkB receptor by Western blot (Figure 14D). Both proteins show a significant increase at six days 

after both BDNF solutions, but 1.2 pg/mL BDNF SKA exerted a significant increase compared to 25 

ng/mL BDNF (about two fold higher for each one, respectively, p < 0.05). These findings support the 

hypothesis of a fine endogenous regulation exerted by BDNF SKA on brain maintenance and function. 

 
Figure 14. BDNF quantification and intracellular pathways in brain measured in the 6-dayprotocol. (a) Serum and (b) brain 

tissue BDNF quantification in mice. Data are expressed as means ± SD (%) of n = 7 independent experiments normalized to 

control value (0 line). * p < 0.05 vs. control; ** p < 0.05 vs. saline solution; φ p < 0.05 vs. 25ng/mL BDNF. (c) BDNF and (d) TrkB 

receptor expressions in mice brain reported as densitometric analysis (on the left) and examples of Western blot (on the right). 

Data are expressed as means ± SD (%) of n = 7 independent experiments normalized on specific total protein if possible and 

verified by β-actin detection. * p < 0.05 vs. control; ** p < 0.05 vs. 25 ng/mL BDNF. 
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3) NEW APPROACH TO THE TREATMENT OF NEUROPATHIC PAIN. IN 

VITRO STUDY ON THE CELLULAR EFFECTS OF A COMBINATION 

WITH PALMITOYLETHANOLAMIDE 

Research on neuropathic pain is taken from the article entitled "New approach to the treatment of 

neuropathic pain: in vitro study on the cellular effects of a combination with palmitoylethanolamide” [161]. 

Neuropathic pain is a typical patient disorder resulting from damage and dysfunction of the peripheral 

neuraxis. Injury to peripheral nerves in the upper extremities can result in a lifelong reduction in 

quality of life and devastating loss of sensory and motor function. Since some standard pharmaceutical 

therapies can cause dependence or intolerance, nonpharmacological treatments have gained great 

interest in recent years. In this context, the beneficial effects of a new combination of 

palmitoylethanolamide and Equisetum arvense are evaluated in the present study. The bioavailability 

of the combination was initially analyzed in a 3D intestinal barrier simulating oral intake to analyze its 

absorption/biodistribution and exclude cytotoxicity. In a further step, a 3D nerve tissue model was 

performed to study the biological effects of the combination during the key mechanisms leading to 

peripheral neuropathy. The results demonstrate that the combination successfully crossed the 

intestinal barrier and reached the target site, modulating the nerve recovery mechanism after Schwann 

cell injury and offering the initial response in relieving pain. In conclusion, this work supported the 

efficacy of palmitoylethanolamide and Equisetum arvense in reducing neuropathy and modifying the 

major pain mechanisms, outlining a possible alternative nutraceutical approach.   

 

 

3.1 MATHERIALS AND METHODS 
 

3.1.1 Agents Preparation 

0.2µM PEA 80mesh and 50µg/ml Equisetum A. (titled 10% silica) alone and combined (named 

EQUIPEA®) (Patent N° 102022000008066 and 102022000016404 from Futura srl) were used to verify 

their effectiveness to cross the intestinal barrier and reach the peripheral nervous system. In addition, 

to analyze the effects of this new combination, the results were compared with other PEA forms present 

on the market. In particular, micronized PEA and ultra-micronized PEA were used maintaining the 

same PEA concentrations. Both the concentrations of PEA and Equisetum A. derived from the 

literature [162,163] and confirmed by dose-response studies that used ranging from 0.1µM to 0.4µM 

and 25μg/ml to 100μg/ml, respectively. All substances tested were prepared directly in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Merck Life Science, Rome, Italy) without phenol red and 

supplemented with 0.5% fetal bovine se-rum (FBS, Merck Life Science, Rome, Italy), 2 mM L-glutamine 

(Merck Life Science, Rome, Italy), and 1% penicillin–streptomycin (Merck Life Science, Rome, Italy) for 

all analysis. 

 

3.1.2. Cell Culture 

The human epithelial intestinal CaCo-2 cell line, purchased from the American Type Culture Collection 

(ATCC), was used as an experimental model to predict the features of intestinal absorption following 

oral intake [164]. This cell line was cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 
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Ham (DMEM-F12, Merck Life Science, Rome, Italy) containing 10% FBS (Merck Life Science, Rome, 

Italy), 2 mM L-glutamine and 1% penicillin–streptomycin (Merck Life Science, Rome, Italy) and 

maintained in an incubator at 37 °C and 5% CO2 [165]. Experiments were carried out using cells at 

passage numbers between 26 to 32 to maintain the correct paracellular permeability and transport 

properties [59]. Cells were plated in a variety of ways, including 1×104 cells on 96 well plates to study 

cell viability and ROS production synchronizing cells for 8h with DMEM without red phenol and 

supplemented with 0.5% FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin at 37 °C; 2×104 cells 

on 6.5 mm Transwell® (Corning® Costar®, Merck Life Science, Rome, Italy) with a 0.4 μm pore 

polycarbonate membrane insert (Corning® Costar®, Merck Life Science, Rome, Italy) in a 24 well plate 

to perform the absorption analyses [166]. 

Rat-derived Schwann, RSC-96 cell line, was obtained from ATCC and was cultured in Dulbecco’s 

Modified Eagle’s Medium (Merck Life Science, Rome, Italy) supplemented with 10% FBS, 2 mM L-

glutamine and 1% penicillin–streptomycin [167] maintaining the cultures at 37 °C with 5% CO2. RSC96 

cells were subcultured 2–3 times a week, and passages between 10 and 15 were used for the 

experiments [168]. 

The rat neuronal PC12 cell line purchased from ATCC, was cultured in Roswell Park Memorial 

Institute-1640 (RPMI, Merck Life Science, Rome, Italy) supplemented with 2mM Glutamine, 10% Horse 

Serum (HS, Merck Life Science, Rome, Italy) and 5% FBS. The cultures were maintained at sub-

confluency at 37°C with 5% CO2 and cells used for experiments were between passages 3 and 13 [169]. 

PC12 cells are one of the most frequently employed neuronal cell lines for in vitro screening for 

neuroprotective compounds [64]. 4x106 RSC96 cells and 1×105 PC12 cells were seeded in a co-culture 

system to reproduce 3D EngNT in vitro in the peripheral nerve environment [167]. 

 

3.1.3. Experimental protocol 

The experiments were divided into two steps: the first one investigated the effects of all PEA forms 

and Equisetum A. on CaCo-2 cells analyzing cell viability and  ROS production in a dose-response study 

and the better concentration of all substances alone and combined were used in in vitro intestinal 

permeability assay to verify the ability to cross the intestinal barrier maintain a correct tight junction 

(TJ) activity [170]. In particular, cells were plated in the Transwell® system to verify intestinal integrity 

by TEER measurement following the treatments. In addition, this in vitro intestinal model was also 

used to analyze TJ activity by ELISA test and the permeability rate by Papp assay. All these 

experiments were time-dependent from 2h to 6h [170]. Moreover, at the end of each stimulation, the 

basolateral environment was collected to be used to stimulate the 3D EngNT co-culture. In the second 

step, the 3D EngNT co-culture was used to investigate the effects of the stimulations on the nerve tissue 

model in vitro after 14 days of culture, maturation time and 24h of treatments. In this model, 

mitochondrial metabolism and ROS production were investigated. Finally, additional experiments 

were also carried out pretreating for 14 days the 3D EngNT co-culture with 200ng/ml glial growth 

factor 2 (GGF), which is a well-established model to mimic peripheral nerve injuries since it can 

reproduce robust demyelination [66]. Under demyelination conditions, the 3D EngNT co-culture was 

stimulated with PEA alone and combined with Equisetum A. and with the ultra-micronized PEA in a 

commercial form (named PEA from the market), in order to evaluate if this new combination can 

restore neurite damages. Therefore, mitochondrial metabolism, ROS production, and inflammatory 
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factors were measured; in addition, the re-myelination mechanisms and peripheral nerve recovery 

were investigated in these conditions. Finally, 10µM AM251 (Cayman Chemical, XX) and 10µM 

AM630 (Cayman Chemical, XX) (CB1 and Cb2 blockers, respectively) [67] were also tested to verify the 

mechanism of analgesic effect due to the involvement of GABA signalling. 

 

3.1.4. In vitro Intestinal Barrier Model  

In order to evaluate whether all PEA forms and Equisetum A. samples could be able to cross the 

intestinal barrier, an in vitro intestinal barrier model was created using Transwell® system, following 

a standard protocol reported in literature [149,171] and approved by European Medicines Agency 

(EMA) and Food and Drug Administration (FDA) to predict absorption, metabolism, and 

bioavailability of several substances after oral intake in humans [172,173]. Briefly, CaCo-2 cells, plated 

as previously described, were maintained in a complete medium changing it every other day on the 

basolateral and apical sides for 21 days before the simulations [149]. During all maturation time, the 

transepithelial electrical resistance (TEER) values were evaluated by EVOM3, coupled with STX2 

chopstick electrodes (World Precision Instruments, Sarasota, FL, USA) to evaluate mature intestinal 

epithelial formation and a correct paracellular mechanism. On the 21st day, when TEER values were ≥ 

400 Ωcm2 [174], absorption analysis had started. Before the stimulation, on the apical side, the medium 

was brought to pH 6.5 as the pH in the lumen of the small intestine, while the pH 7.4 on the basolateral 

side represented blood [175]. The cells were stimulated with all substances from 2h to 6h before the 

successive analysis, including the permeability assay measured by Papp (cm/s) analysis [165], 

following formula:                     

   Papp = dQ/dt ⇥ 1/m0 ⇥ 1/A ⇥ V Donor             

dQ: amount of substance transported (nmol or μg); 

dt: incubation time (sec); 

m0: amount of substrate applied to donor compartment (nmol or μg); 

A: surface area of Transwell® membrane (cm2); 

VDonor: volume of the donor compartment (cm3). 

Negative controls without cells were tested to exclude the Transwell® membrane's in-fluence. The 

analysis was performed in triplicates and reproduced five times. 

 

3.1.5 3D EngNT Co-cultures setup 

The 3D nerve tissue model was prepared according to the literature [167]. The interaction between 

RSC96 and PC12 cell lines is a key feature to mimic in vitro the peripheral nerve environment, 

regenerating neurites and supporting Schwann cells [167, 176]. Briefly, 1 mL of a solution, containing 

80% v/v Type I rat tail collagen (2 mg/mL in 0.6% acetic acid, Thermo Fischer, Milan, Italy), 10% v/v 

Minimum Essential Medium (MEM, Merck Life Science, Milano, Italy), 5.8% v/v neutralizing solution 

(Biosystems, Monza, Italy) and 4.2% Schwann cell suspension (4 × 106 RSC96 cells per 1 mL gel), was 

added in a rectangular scaffold with dimensions of 16.4 mm × 6.5 mm × 5 mm. When the gel had set, it 

was immersed in 10 mL DMEM and incubated at 37°C with 5% CO2 for 24h to permit cellular self-

alignment; at the end of the time, the gel was stabilized using plastic compression (120g weight for 1 

min). Once the gel has been aligned and stabilized, it was cut into equal segments according to the 

samples to be treated. Each gel segment was transferred in a 24-well plate and 1x105 PC12 was seeded 
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on top of each segment for establishing the co-cultures; this passage is crucial to permit neurites 

extension across the horizontal plane following the aligned Schwann gels. The 24-well plate containing 

gels was incubated for 1h at 37°C to allow attachment of neuronal cells to the collagen gel and then 

1mL of culture medium (containing DMEM supplemented with 10% FBS, 100 U/mL of Penicillin and 

100 μg/mL of Streptomycin, all purchased from Merck Life Science, Milano, Italy) was added to each 

well. 

 

3.1.6. Cell Viability 

The cell viability based on In vitro Toxicology Assay Kit (Merck Life Science, Rome, Italy) was verified 

at the end of each stimulation, following a classical protocol reported in the literature [149]. The 

absorbance of all solubilized samples (treated and untreated) at 570 nm with correction at 690 nm 

measured by a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) was expressed 

comparing data to the control sample (untreated samples defined as 0% line) and reported as means 

of five independent experiments performed in triplicate. 

 

3.1.7. ROS production 

The ROS production was quantified by analyzing the reduction of cytochrome C using a standard 

protocol [165], measuring the absorbance at 550 nm through the spectrometer (Infinite 200 Pro MPlex, 

Tecan, Männedorf, Switzerland). O2 ratio was ex-pressed as the mean ± SD (%) of nanomoles per 

reduced cytochrome C per microgram of protein compared to the control (untreated samples) of five 

independent experiments performed in triplicate. 

 

3.1.8. Occludin Quantification Assay  

The Human Occludin (OCLN) ELISA kit (MyBiosource, San Diego, CA, USA) was used according to 

the manufacturer’s instruction [165]. CaCo-2 cells were lysed with cold Phosphate-Buffered Saline 

(PBS, Merck Life Science, Rome, Italy) 1×, centrifuged at 1500× g for 10 min at 4 °C, and 100 μL of each 

sample were analyzed. The enzymatic reaction was measured by a spectrometer (Infinite 200 Pro 

MPlex, Tecan, Männe-dorf, Switzerland) at 450 nm. The results were obtained by comparing data to 

the standard curve (range from 0 to 1500 pg/ml) and were expressed as a percentage (%) versus control 

(0 line) of five independent experiments performed in triplicate. 

 

3.1.9. Claudin 1 ELISA kit 

The Human Claudin1 was measured in CaCo-2 lysates by ELISA kit (Cusabio Technology LLC, Huston 

Houston, USA), following the manufacturer’s instructions [165]. CaCo-2 cells were lysed with cold 

Phosphate-Buffered Saline (PBS, Merck Life Science, Rome, Italy) 1×, centrifuged at 1500× g for 10 min 

at 4 °C, and 100 μL of each sample were analyzed and read at 450 nm by a spectrometer (Infinite 200 

Pro MPlex, Tecan, Männedorf, Switzerland). The results were obtained by comparing data to the 

standard curve (range from 0 to 1000 pg/ml) and were expressed as a mean ± SD (%) versus control (0 

line) of five independent experiments performed in triplicate. 
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3.1.10 Human Tight Junction Protein 1 (ZO-1) analysis  

The Human Tight Junction Protein 1 (TJP1) ELISA kit (MyBiosource, San Diego, CA, USA) was used 

following the manufacturer’s instructions [165]. CaCo-2 cells were lysed with cold Phosphate-Buffered 

Saline (PBS, Merck Life Science, Rome, Italy) 1×, centrifuged at 5000× g for 5 min at 4 °C, and 100 μL of 

each sample were analyzed. The plates were read by a spectrometer (Infinite 200 Pro MPlex, Tecan, 

Männedorf, Switzerland) at 450 nm. The data were obtained compared to the standard curve (range 

from 0 to 1000 pg/ml) and the results were expressed as a mean ± SD (%) versus control (0 line) of five 

independent experiments performed in triplicate. 

 

3.1.11. TNFα assay 

TNFα quantification was obtained using the TNF-α ELISA kit (Merck Life Science, Milano, Italy) 

according to the manufacturer’s instructions [177]. The absorbance of the samples was measured at 

450 nm using a plate reader (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) and the results 

were expressed as a mean ± SD (%) versus control (0 line) of five independent experiments performed 

in triplicate. 

 

3.1.12. Interleukin 2 assay 

Interleukin 2 quantification was determined using the Rat IL-2 (Interleukin 2) ELISA Kit (FineTest, 

Wuhan) according to the manufacturer’s instructions on cell lysates [178]. Briefly, 100µL of each sample 

was added into each well and the plate was incubated at 37°C for 90 minutes. At the end of incubation 

time, the material in each well was removed and wells were washed twice with Wash Buffer. 100µL of 

Biotin-labelled antibody working solution was added into the above wells and the plate was incubated 

at 37°C for 60 minutes. At the end of incubation, the solution in each well was removed and the wells 

were washed three times with Wash Buffer. Then, 100µL of SABC Working Solution was added into 

each well and plate was incubated at 37°C for 30 minutes. At the end, the wells were washed five times 

and 90µL of TMB substrate were put in each well. After 10-20 minutes, 50µL of Stop Solution was put 

in each well and the plate was read immediately at 450nm using a plate reader (Infinite 200 Pro MPlex, 

Tecan, Männedorf, Switzerland). A standard curve was plotted relating the intensity of the color (O.D.) 

to the concentration of standards (range from 31.25 to 2000pg/mL) and the results were expressed as 

mean ± SD (%) versus control (0 line) of five independent experiments performed in triplicate. 

 

3.1.13 NRG1 assay 

The NRG1 Rat ELISA Kit (FineTest, Wuhan) according to the manufacturer’s instructions, was used in 

cell culture supernatants. Briefly, 100µL of each sample was added into each well and the plate was 

incubated at 37°C for 90 minutes. At the end of incubation time, the material in each well was removed 

and wells were washed twice with Wash Buffer. 100µL of Biotin-labelled antibody working solution 

was added into the above wells and the plate was incubated at 37°C for 60 minutes. At the end of 

incubation, the solution in each well was removed and wells were washed three times with Wash 

Buffer. Then, 100µL of SABC Working Solution was added into each well and plate was incubated at 

37°C for 30 minutes. At the end, the wells were washed five times and 90µL of TMB substrate was put 

in each well. After 10-20 minutes, 50µL of Stop Solution was put in each well and the plate was read 

immediately at 450nm using a plate reader (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland). 
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The data were obtained compared to the standard curve (range from 0.156 to 10ng/mL) and the results 

were expressed as mean ± SD (%) versus control (0 line) of five independent experiments performed 

in triplicate. 

 

3.1.14. Myelin protein zero assay 

Myelin protein zero (MPZ) production was determined using Rat ELISA kit (MyBiosource, San Diego, 

CA, USA) in cell lysates, according to the manufacturer’s in-struction. Briefly, 100µL of each sample 

was added into each well and the plate was incubated at 37°C for 2 hours. At the end of incubation 

time, 100µL of Biotin antibody was added into the wells and the plate was incubated at 37°C for 60 

minutes. At the end of incubation, the solution in each well was removed and wells were washed three 

times with Wash Buffer. Then, 100µL of HRP-avidin Solution was added into each well and plate was 

incubated at 37°C for 1 hour. At the end, the wells were washed five times and 90µL of TMB substrate 

was put in each well. After 30 minutes at 37°C, 50µL of Stop Solution was put in each well and the 

plate was read immediately at 450nm using a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf, 

Switzerland). The concentration was expressed as ng/mL compared to a standard curve (range from 

0.06 to 18 ng/ml) and the results were reported as mean ± SD (%) versus control (0 line) of five 

independent experiments performed in triplicate. 

 

3.1.15. NGFR assay 

The Rat NGFR ELISA kit (Thermo Fischer, Milan, Italy) (MyBiosource, San Diego, CA, USA) according 

to the manufacturer’s, was used on cell lysates. Briefly, 100μL of each sample was added into each well 

and the plate was incubated at 37°C for 2 hours. At the end of incubation time, 100µL of Biotin antibody 

was added into the wells and the plate was incubated at 37°C for 60 minutes. At the end of incubation, 

the solution in each well was removed and wells were washed three times with Wash Buffer. Then, 

100µL of HRP-avidin Solution was added into each well and plate was incubated at 37°C for 1 hour. 

At the end, the wells were washed five times and 90µL of TMB substrate was put in each well. After 

30 minutes at 37°C, 50µL of Stop Solution was put in each well and the plate was read immediately at 

450nm using a spectrometer (Infinite 200 Pro MPlex, Tecan). The data were obtained compared to the 

standard curve (range from 0.312 to 20 ng/ml) and the results were expressed as a mean ± SD (%) versus 

control (0 line) of five independent experiments performed in triplicate. 

 

3.1.16. Human beta-NGF assay 

The Rat beta-NGF ELISA kit (Abcam, Cambridge, UK) was used in cell lysates following the 

manufacturer’s instructions [179]. Briefly, 100μL of diluted samples were incubated overnight at 4 °C, 

washed 4 times with 1× Wash Buffer, and then 100μL of detection antibody was added to each well 

and incubated for 1 h at room temperature with gentle shaking. Then the wells were washed 4 times 

and 100μL of streptavidin-HRP and the plate was incubated for 45 minutes; after the incubation, the 

wells were washed again and 100μL of TMB Substrate were added. Finally, the plate was incubated 

for 30 min at room temperature in the dark with gentle shaking and the re-action stopped with 50μL 

of Stop Solution. The absorbance was measured by the spectrometer at 450nm (Infinite 200 Pro MPlex, 

Tecan, Männedorf, Switzerland), and ex-pressed as pg/mL compared to a standard curve (range from 
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15 to 15000 pg/ml) and the results were reported as mean ± SD (%) versus control of five independent 

experiments performed in triplicate. 

 

3.1.17. Estrogen Receptor beta assay 

The Rat Estrogen Receptor beta (ERb) ELISA Kit (Cloud-Clone, Houston, USA) was used on cell 

lysates, according to the manufacturer’s instruction [180]. Briefly, 100µL of each sample was added 

into each well and the plate was incubated at 37°C for 1 hour. At the end of all reactions, 50µL of Stop 

Solution was put in each well and the plate was read immediately at 450nm using a spectrometer 

(Infinite 200 Pro MPlex, Tecan). The concentration was obtained compared to a standard curve (range 

from 0.312 to 20 ng/ml) and the results were expressed as mean ± SD (%) versus con-trol of five 

independent experiments performed in triplicate. 

 

3.1.18. Gamma-aminobutyric acid assay 

M, Wuhan, China) on cell lysates was performed following the manufacturer’s instructions [181]. 

Briefly, 50μL of the sample was added with 50μL of Biotin-labeled antibody in each well and incubated 

for 45 minutes at 37°C; then the plate wash washed 3 times and 100μL of SABC Working solution was 

added in each well and the plate was incubated for 30 minutes at 37°C. At the end of incubation, each 

well was washed 5 times and then 90μL of TMB Substrate Solution was added in the wells be-fore 

incubating the plate at 37°C for 15 minutes; then 50μL of stop solution was added in each well and the 

absorbance was measured by the spectrometer at 450 nm (Infinite 200 Pro MPlex, Tecan, Männedorf, 

Switzerland). The concentration was analyzed compared to a standard curve (range from 6 to 400 

pg/ml) and the results generated were expressed as mean ± SD (%) versus control of five independent 

experiments per-formed in triplicate. 

 

3.1.19. Western Blot 

3D EngNT co-culture was lysed in ice with Complete Tablet Buffer (Roche, Ba-silea, Svizzera) 

supplemented with 2mM sodium orthovanadate (Na3VO4), 1 mM phenylmethanesulfonyl fluoride 

(PMSF) (Merck Life Science, Rome, Italy), 1:50 mix Phosphatase Inhibitor Cocktail (Merck Life Science, 

Rome, Italy), and 1:200 mix Protease Inhibitor Cocktail (Merck Life Science, Rome, Italy). According to 

the standard protocol, 30μg of protein of each sample was resolved on 8% or 10% SDS-PAGE gels, and 

polyvinylidene difluoride membranes (PVDF, GE, Healthcare Europe GmbH) were incubated 

overnight at 4 °C with the following specific primary antibodies: anti-CB1 (1:500; Santa Cruz, 

California, USA), anti-CB2 (1:500; Santa Cruz, California, USA). Protein expression was normalized 

and verified through anti-β-actin detection (Merck Life Science, Rome, Italy). The results were 

expressed as means ± SD (% vs. control). 

 

3.1.20. Statistical Analysis 

Data collected were processed using Prism GraphPad statistical software 9.4.1 using one-way analysis 

of variance (ANOVA), followed by Bonferroni post hoc tests. Comparisons between the two groups 

were performed using a two-tailed Student’s t-test. Multiple comparisons among groups were 

analyzed by two-way ANOVA followed by a two-sided Dunnett post hoc test. All results were 
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expressed as mean ± SD of at least 5 independent experiments produced in triplicates. Differences with 

a p<0.05 were considered statistically significant. 

 

 

3.2. RESULTS 
 

3.2.1. Safety analysis of different concentration of PEA and Equisetum on CaCo-2 Cells 

Several experiments were performed on the CaCo-2 cell line to exclude any cyto-toxic effect. In 

particular, cell viability and ROS production were investigated at 3h and at 6h, maximum and 

minimum times of PEA absorption [162]. For this reason, the analysis was carried out testing PEA 

80mesh and Equisetum Arvense (in a range of 0.1µM to 0.4µM and from 25µg/ml to 100µg/ml, 

respectively) and comparing them with another PEA form present in the market, named ultra-

micronized PEA (PEA-um). As demonstrated in Table 2, both PEA 80mesh and PEA-um improved cell 

viability in all tested concentrations, excluding any cytotoxic effect (p<0.05). It should be emphasized 

that cell treated with PEA 80mesh demonstrated a highly beneficial effect, im-proving cell viability 

better than the other PEA form (p <0.05). Considering only PEA 80mesh, as shown in Table 2, the 

concentration of 0.2µM showed a more significant improvement in cell viability compared to the other 

concentration tested (about 8% compared to 0.1µM and about 24% compared to 0.4µM, p <0.05) 

suggesting that this treatment dosage may support improved bowel activity. At the same time, the 

same test was performed by also analyzing the beneficial effect of Equisetum Arvense and, as shown in 

Table 2, all the concentrations tested were able to improve cell viability (p <0.05) confirming, also in 

this case the absence of a toxic effect. More in detail, at 3h of stimulation, the three concentrations tested 

revealed a similar trend, suggesting that there was no biological difference between them. However, 

at 6h Equisetum Arvense 50µg/ml was able to maintain higher cell viability than the other concentrations 

test-ed (about 32% compared to 25µg / ml and about 9% compared to 100µg / ml, p <0.05), suggesting 

a possible long effect on mitochondrial metabolism at the intestinal level. Consequently, the ROS 

production was analyzed on CaCo-2 cells to confirm the safety of PEA 80mesh and Equisetum Arvense, 

analyzing the effect at the same time previously explored. As shown in Table 3, none of the 

concentrations tested increased ROS production. In particular, PEA 80mesh 0.2µM was able to 

maintain low ROS levels throughout the stimulation period better than PEAum, and Equisetum Arvense 

50µg / ml demonstrated antioxidant capacity by reducing the quantity of ROS produced compared to 

the control (p <0.05). 

For this reason, the concentrations chosen for the final formulation were PEA 80mesh 0.2µM and 

Equisetum Arvense 50µg/ml (named EQUIPEA®). Indeed, when these agents were added together, the 

beneficial effects on cell viability and ROS pro-duction were amplified compared to single agents 

(p<0.05), confirming the absence of toxic events and the safety of the combination. 
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 PEA-um PEA 80mesh Equisetum A. 
PEA 80mesh +  

Equisetum A. 

  Dose 

 Time 
0.1µM 0.2µM 0.4µM 0.1µM 0.2µM 0.4µM 25µg/mL 50µg/mL 100µg/mL 

50µg/mL + 

0.2µM 

3h 80 ± 1.71 
90 ± 

1.21 

72 ± 

1.46 

85 ± 

0.83 
92 ± 1.23 

70 ± 

1.48 
45 ± 0.85 49 ± 1.48 46 ± 1.57 94 ± 1.33 

6h 76 ± 1.48 
87 ± 

1.67 

70 ± 

1.11 

78 ± 

1.74 
90 ± 1.26 

68 ± 

1.27 
30 ± 1.27 44 ± 1.22 40 ± 1.57 91 ± 1.07 

 

Table 2. Analysis of cell viability measured by MTT test on CaCo-2 cells. The effects of PEA80mesh and Equisetum Arvense, 

alone and combined, compared to PEA-um at 3h and 6h were reported. PEA-um = PEA ultra-micronized. Data are mean ± 

SD (%) of five independent experiments per-formed in triplicates normalized to control values (0%). 

 

 

Table 3. Analysis of ROS production measured by Cytochrome C reduction on CaCo-2 cells. The effects of PEA80mesh and 

Equisetum Arvense, alone and combined, compared to PEA-um at 3h and 6h were analyzed. PEA-um = PEA ultra-micronized. 

Data are mean ± SD (%) of five independent experiments performed in triplicates normalized to control values (0%). 

 

3.2.2. Permeability and absorption mechanism analyzed In vitro Intestinal Barrier Model  

Further experiments were conducted to obtain important about the intestinal absorption and the 

transport mechanism of PEA 80mesh combined with Equisetum Arvense compared to PEA-um, using 

an in vitro intestinal barrier able to mimic the in human physiology of the small intestine. In particular, 

the transepithelial electrical resistance (TEER), the values of the apparent permeability coefficient 

(Papp) and Tigh Junction activity (TJ) were evaluated. The TEER analysis showed that all PEA forms 

(Figure 15A) are able to maintain epithelial integrity and the ionic conductance of the paracellular 

pathway, also confirming the peak in permeability at 3h. Similarly, Equisetum Arvense maintains 

epithelial integrity but suggests poor bioavailability (p<0.05). The combination was able to improve the 

absorption rate with a more physiological behavior than the single components and to PEA-um 

(p<0.05) while maintaining the epithelial integrity and by increasing the ion flow of paracellular 

exchanges through the intestinal epithelium (p<0.05). In order to confirm the correct functioning of the 

intestinal epithelium, the TJ activity (Figure 15 B-D) and the permeability rate (Figure 15E-F) were 

explored. The data obtained from TJ analysis demonstrated that the combination with PEA 80mesh 

0.2µM and Equisetum Arvense 50µg / ml has a better effect compared to the single agents, confirming 

the result previously obtained about the chosen concentration. Indeed, Claudin-1, Occluding and ZO-

1 activities were improved by the combination of PEA 80mesh 0.2µM and Equisetum Arvense 50µg / ml 

compared to PEA-um (about 47.5%, 31% and 37% respectively). Finally, the analysis of the basolateral 

environment confirmed our previous findings, indicating that the permeability rate of PEA 80mesh 

0.2µM combined with Equisetum Arvense 50µg / ml was higher than PEA-um (p< 0.05) and the main 

effect was evident at 3h of stimulation (about 29%, p< 0.05).  

 PEA-um PEA 80mesh Equisetum A. 
PEA 80mesh +  

Equisetum A. 

   Dose 

 Time 
0.1µM 0.2µM 0.4µM 0.1µM 0.2µM 0.4µM 25µg/mL 50µg/mL 100µg/mL 

50µg/mL + 

0.2µM 

3h 4 ± 1.14 5 ± 1.67 7 ± 1.48 3 ± 1.78 2 ± 1.74 1 ± 1.19 -8 ± 1.74 -9 ± 1.46 -9 ± 1.71 -15 ± 0.89 

6h 8 ± 1.15 7 ± 1.56 10 ± 1.22 7 ± 1.41 6 ± 1.38 5 ± 1.47 -9 ± 1.38 -9 ± 1.17 -9 ± 1.48 -12 ± 1.23 
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All these results revealed that the combination with PEA 80mesh 0.2µM and Equisetum Arvense 50µg / 

ml has a better absorption profile compared to PEA-um, confirming an improvement in the 

bioavailability, and suggesting a synergistic effect of the combination of PEA 80mesh 0.2µM and 

Equisetum Arvense 50µg / ml to improve the intestinal absorption. 

 

Figure 15. Permeability study on CaCo-2 cells. In (A) TEER Value using EVOM3; from (B-D) the analysis of TJ measured by 

ELISA test (Claudin1, Occludin and Zo-1, respectively); in (E) evaluation of passage through the intestinal barrier by 

fluorescent tracer; in (F): the Papp values in which data < 0.2 × 10−6 cm/s means very poor absorption with a bioavailability < 

1 %, data between 0.2 × 10−6 and 2 × 10−6 cm/s with bioavailability between 1 and 90 %, and data > 2 × 10−6 cm/s means very 

good absorption with a bioavailability over 90 %. PEA-um= PEA ultra-micronized. From (B-E) data are means ± SD (%) of 

five independent experiments performed in triplicates normalized to control values (0% line) and * p < 0.05 vs. control; ** p < 

0.05 vs. PEA 80mesh 0.2µM; # < 0.05 vs. Equisetum Arvense 50µg/ml; the bar p<0.05 vs PEA-um. On the contrary, in (A) the 

control samples are specifically reported and all agents are p<0.05 vs control and * p<0.05 vs PEA-um; in (F) all agents are 

p<0.05 vs control 
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3.2.3. Effect of the combination of PEA 80mesh and Equisetum Arvense on 3D EngNT Co-cultures 

Since the treatments with PEA, in all its forms, are considered an effective remedy for treating 

peripheral nerve damages, further analyses were conducted on a 3D EngNT to investigate the ability 

of PEA 80mesh combined with Equisetum Arvense to reach and act into the peripheral nerve after 

intestinal passage. As shown in Figure 16, all PEA forms tested can reach the target, after intestinal 

passage, without any negative effect on mitochondrial metabolism and oxidative stress (p<0.05). In 

particular, the combination of PEA 80mesh 0.2µM and Equisetum Arvense 50µg/ml was able to amplify 

the cell viability (p<0.05, Figure 16A) compared to PEA-um, demonstrating an ability to maintain the 

mitochondrial well-being and at the same time, demonstrating an ability to reduce the amount of ROS 

production (approximately 26% and 83%, respectively, p<0.05, Figure 16B). These data were further 

confirmed by analysing of MPZ, a structural protein required for normal peripheral nerve myelination 

(Figure 16C). As expected, both PEA forms improve MPZ activity (p<0.05) compared to the control. 

However, the presence of Equisetum Arvense with PEA 80mesh significantly improved this marker 

(approximately 27%, p<0.05) compared to PEA-um, confirming the synergistic effect of the substances. 

Therefore, these data, obtained under physiological condition, demonstrate that the combination PEA 

80mesh and Equisetum Arvense acts at the SNP level and greatly influences myelin sheath protection. 

 

Figure 16. Analysis of EquiPEA® on 3D EngNT in physiological condition. A: mitochondrial metabolism by MTT tes; B: ROS production 

by Cytochrome C reduction; C: MPZ by ELISA test. PEA-um= PEA ultra-micronized. Data are mean ± SD of five independent 

experiments performed in triplicates vs. control values (0% line) and * p < 0.05 vs. control; ** p < 0.05 vs. PEA 80mesh 0.2µM; # < 0.05 

vs. Equisetum Arvense 50µg/ml; the bar p<0.05 vs PEA-um. 

 



 62 

3.2.4. Biological effects of the combination PEA 80mesh plus Equisetum Arvense on in vitro model 

of PNI   

Since the study must mimic the peripheral nerve tissue damage in vitro, the 3D EngNT was pre-treated 

starting from 14 days of maturation with 200 ng/ml GGF to reproduce robust demyelination before 

stimulation with the same agents used before. In this context, further experiments were conducted by 

analyzing the effects on mitochondrial metabolism and ROS production (Figure 17A, B). In particular, 

nerve tissue treated with only 200ng/ml GGF significantly reduced biological activity of the nerve and 

improved ROS production compared to control (p<0.05). On the contrary, both these negative 

conditions were significantly counteracted by the presence of all forms of PEA. In particular, the 

stimulation with PEA 80mesch combined with Equisetum Arvense was able to improve cell viability 

compared to PEA 80mesh alone (about 90%, p<0.05) and to PEA-um (about 73%, p<0.05). At the same 

time, it is also able to reduce the oxidative stress produced during the damage better the PEA 80mesh 

alone (about 80%, p<0.05) and PEA-um (about 71%, p<0.05), supporting the important findings 

previously observed about the synergic effect of the substances. 

In addition, this recovery mechanism was also confirmed by the analyses of the inflammatory markers 

mainly involved during neuropathy, such as TNFα and IL-2 (Figure 17 C-D). Effectively, the beneficial 

properties of all agents tested could counteract the inflammation process activated by 200ng/ml GGF 

(p<0.05) on both markers. Specifically, GGF pre-treatment improved the inflammation response 

compared to the control (about 30% for TNFα and 20% for IL-2, p<0.05). However, the successive 

treatment with the combination of PEA 80mesh plus Equisetum Arvense was able to reduce the damage 

better than PEA 80mesh alone (p<0.05) and PEA-um (approximately 57% for TNFα and 78% for IL-2, 

p<0.05). 
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Figure 17. Analysis of PEA 80mesh plus Equisetum Arvense effects under PNI condition. In (A) mitochondrial metabolism by 

MTT; in (B) NGF determination by ELISA test; in (C) TNFa quantification by ELISA test; in (D) IL-1b analysis by ELISA test. 

PEA-um= PEA ultra-micronized. Data are means ± SD (%) of five independent experiments performed in triplicates 

normalized to control values (0% line). * p < 0.05 vs. control; ** p < 0.05 vs. PEA 80mesh 0.2µM; # < 0.05 vs. Equisetum Arvense 

50µg/ml; the bar p<0.05 vs PEA-um; ϕ p < 0.05 vs. GGF 200ng/ml 

 

In addition, since the main target of PEA is the endocannabinoid system, it was evaluated the biological 

mechanisms of both CB1 and CB2 receptors and their role to induce GABAergic signalling under PNI 

condition. Unsurprisingly, as shown in Figure 18 (from A to C), all the considered PEA forms activated 

both CB1 and CB2 receptors (p<0.05), confirming the crucial role of this bioactive lipid in modulating 

the endocannabinoid system and changing the behaviour due to pain. Also in this case, the use of 

Equisetum Arvense 50µg/ml in the formulation amplifies the beneficial effect induced by PEA 80mesh 

(approximately 2 times more for CB1 and one time more for CB2) and especially compared to PEA-um 

(about 2 times more for CB1 and one time more for CB2), suggesting that this formulation acts 

modulating the endocannabinoid system to reduce the damage. Furthermore, the beneficial effect 

exerted by PEA was confirmed by the analysis of GABA activity (Figure 18D) in which the functionality 
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was statistically increased by all PEA forms compared to control (p<0.05) and thanks to Equisetum 

Arvense 50µg/ml, PEA 80mesh amplified it effects by 1.5 times and this effect was also better than PEA-

um (p<0.05). Since the base of analgesic effect of PEA depend on the relationship between 

endocannabinoid system and GABA activation, additional experiments investigate the role of GAB in 

presence of CB1 and CB2 blockers (10µM AM251 and AM60) added 30 min before the addiction of 

PEA forms and Equisetum Arvense (Figure 18E). In particular, its cloud be observed that the block of 

CB1 receptor mediated by antagonist AM 251 inhibited the GABA activity meanwhile the use of 

AM630 antagonist of CB2 receptor does not influence the GABA activity which was maintained at the 

basal level. The presence of all PEA forms confirmed the GABA activity; indeed, in presence of CB1 

antagonist the GABAergic system was prevented, and this condition was maintained also during the 

presence of Equisetum Arvense (p<0.05 vs control), supporting the active role exerted by PEA on CB1 to 

induce analgesic effect. 

Therefore, it is possible to confirm the beneficial role exerted by the combination to modulate the main 

molecular mechanisms involved in PNI condition in vitro. 
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Figure 18. Analysis of EQUIPEA® on CB1/2 receptors and GABA activity under PNI condition. In (A) CB1R and in (B) CB2R 

densitometric analysis of the specific Western blot, which is reported as an example in (C); in (D, E) GABA activity by ELISA 

test in absence or presence of CB1/2 blockers. PEA-um= PEA ultra-micronized. Data are mean ± SD (%) of five independent 

experiments performed in triplicates normalized to control values (0% line). * p < 0.05 vs. control; ** p < 0.05 vs. PEA 80mesh 

0.2µM; # p < 0.05 vs. Equisetum Arvense 50µg/ml; the bar p<0.05 vs PEA-um; ϕ p < 0.05 vs. GGF 200ng/ml. 
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Finally, the role of Schwann cells was also investigated by analyzing the modulation of neuropathic 

pain in vitro. As reported in Figure 19, after nerve injury induced by 200ng/ml GGF, myelinating cells 

were subjected to degradation as demonstrated by p75 analysis and, consequently, to the inhibition of 

MPZ activity (about 18% and -10% respectively, p<0.05). At the same time, the PNI condition 

influenced the expression of NRG1 and the ERb activity (p<0.05 compared to control). Conversely, all 

PEA forms reduced the damage confirming their positive role in counteracting the demyelination 

process (all markers p<0.05 compared to the damage). In particular, the combination of PEA 80mesh 

and Equisetum Arvense induced the greatest effects compared to PEA80mesh alone and PEA-um 

(p<0.05). Indeed, PEA 80mesh combined with Equisetum Arvense was able to revert the damage 

modulating the markers involved in maintaining the myelin sheath to normal activity. In particular, it 

improved the activity of p75 (Figure 5A) about 64% compared to PEA 80mesh alone and PEA-um 

(143%, p<0.05) and MPZ (Figure 19B) about 50% compared to PEA 80mesh alone and this effect was 

more evident compared to PEA-um (p<0.05). At the same time, NRG1 (Figure 19C) and Erb3 (Figure 

19D) activities were increased by the presence of the combination with PEA 80mesh plus Equisetum 

Arvense compared to PEA 80mesh alone (about 70% and about 63%, respectively) supporting the 

hypothesis of the improvement of both these markers to ameliorate the nerve injury and restore the 

myelinization process. In this context, the increase on NGF (Figure 19E) due to PEA 80mesh plus 

Equisetum Arvense compared to PEA 80mesh alone (about 23%) and PEA-um (about 100%) confirmed 

this important mechanism of action. 

All these findings suggest that the new combination correctly modulates the biological activity of 

Schwann cells, also during PNI. Indeed, all these results demonstrated the considerable effect of PEA 

80mesh combined with Equisetum Arvense in modulating Schwann cells during the development and 

the relief of nerve injury, suggesting an increased beneficial effect compared to treatments already on 

the market. 
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Figure 19. Analysis of Schwann cell activity under PNI condition. In (A) p75 activity by ELISA test; in (B) MPZ by ELISA test; 

in (C) NRG1 by ELISA test; in (D) ERB-3 by ELISA test. PEA-um= PEA ultra-micronized. Data are mean ± SD (%) of five 

independent experiments performed in triplicates normalized to control values (0% line). * p < 0.05 vs. control; ** p < 0.05 vs. 

PEA 80mesh 0.2µM; # < 0.05 vs. Equisetum Arvense 50µg/ml; the bar p<0.05 vs PEA-um; ϕ p < 0.05 vs. GGF 200ng/ml.  
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4) THE ACTIVITY OF TEN NATURAL EXTRACTS COMBINED IN A 

UNIQUE BLEND TO MAINTAIN CHOLESTEROL HOMEOSTASIS—IN 

VITRO MODEL 

Research on cholesterol homeostasis is taken from the article entitled "The Activity of Ten Natural 

Extracts Combined in a Unique Blend to Maintain Cholesterol Homeostasis-In vitro Model” [182]. 

Hypercholesterolemia is a major cause of cardiovascular disease and statins, the HMGCoA inhibitors, 

are the most prescribed drugs. Statins reduce the production of hepatic cholesterol, leading to greater 

expression of the LDL receptor and greater absorption of circulating LDL, reducing peripheral LDL 

levels. Unfortunately, statins are believed to induce myopathy and other severe diseases. To overcome 

this problem, safe nutraceuticals with the same activity as statins could hold great promise in the 

prevention and treatment of hypercholesterolemia. In this study, the anti-cholesterol efficacy of a new 

nutraceutical based on 10 natural extracts combined (Esterol10®) was evaluated. In this context, 

HepG2 cells were used to study the biological mechanisms exerted by the new formulation analyzing 

different processes involved in cholesterol metabolism, also comparing data with Atorvastatin. The 

results indicate that these 10 extracts lead to a reduction in total hepatocyte cholesterol and an 

improvement in the biosynthesis of free cholesterol and bile acids. Furthermore, the anti-cholesterol 

activity was also confirmed by the modulation of the LDL receptor and by the accumulation of lipids, 

as well as by the main intracellular pathways involved in the metabolism of cholesterol. In conclusions, 

Esterol10® is safe and effective with anti-cholesterol activity, potentially providing an alternative 

therapy to those based on statins for hypercholesterolemia disease. 

 

 

4.1 MATERIALS AND METHODS 
 

4.1.1. Cell Culture 

The human epithelial hepatocellular carcinoma HepG2 cells were purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA) and were grown in Dulbecco’s modified Eagle’s 

medium (DMEM, Merck Life Science, Milano, Italy), supplemented with 10% fetal bovine serum (FBS, 

Merck Life Science, Milano, Italy), 2 mM L-glutamine (Merck Life Science, Milano, Italy) and 1% 

penicillin-streptomycin (Merck Life Science, Milano, Italy) at 37 °C and 5% CO2 [183]. The cells used in 

these experiments had a passage range of 90–95% [184]. After reaching 80–90% confluence, the cells 

were cultured in different ways based on different experimental protocols: 1 × 104 cells in 96 well plates 

to study cell viability by MTT test and LDL uptake; 1 × 106 cells were cultured in 6-well plates to 

measure the total cholesterol, and ALT quantification, HMGCoA reductase and related metabolic 

pathways using ELISA assay and Western blot analysis. 

 

4.1.2. Experimental Protocol 

HepG2 cells were used to verify the mechanism of action of several natural extracts, alone and 

combined, compared to RYR, in order to evaluate a possible new strategy to reduce cholesterol 

accumulation. Before stimulations, the cells were synchronized overnight with DMEM without red 

phenol and FBS, supplemented with 1% penicillin/streptomycin, 2 mM l-glutamine, and 1 mM sodium 
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pyruvate in an incubator at 37 °C, 5% CO2, 95% humidity. During all the experiments, the medium was 

changed with a fresh medium with a high concentration of glucose (30 mM, Merck Life Science, Milano, 

Italy), and the untreated cells were grown in the presence of normal or 30 mM glucose as the controls 

[183]. Firstly, to evaluate the effects on HepG2 cells leading to finding the non-toxic concentration, a 

dose–response study was performed, testing the extracts in a range reported in the literature. Indeed, 

the cells were treated with increasing concentrations of sage extract (from 0.029 to 0.3 µM) [12], Red 

Yeast Rice (RYR, from 1 to 50 µM) [10], Vitamin D3 (from 1 to 100 nM) [185], Resveratrol (from 1 to 40 

µM) [186], Quercetin (from 5 to 10 µM) [40], Astaxanthin (from 1.7 to 17 nM) [187], CoQ10 (from 1 to 

100 µM) [42], Vitamin K2 (from 0.01 to 1 µM) [188], Sodium Selenite (from 1 to 10 µM) [189], Folic Acid 

(from 25 to 75 µg/mL) [190]. The best concentration of each extract was maintained for all successive 

experiments. 

Secondly, the cells were stimulated with sage extract, Red Yeast Rice, Vitamin D3, Resveratrol, 

Quercetin, Astaxanthin, CoQ10, Vitamin K2, Sodium Selenite and Folic Acid, alone and combined 

(named Esterol10®) comparing data to 1 µM RYR alone [91] for 24 h, to exclude any cytotoxic effects 

by MTT test. 

All substances, donated by Uriach Italy srl, were prepared directly in the simulation’s medium. In 

addition, total cholesterol, LDL concentration, and ALT activity were also analyzed using a 

colorimetric assay in order to evaluate cholesterol metabolism and the possible liver injury. Finally, 

additional experiments were carried out to verify the effectiveness of the combination (Esterol10®) 

compared to RYR alone analyzing HMGCoA reductase and the main intracellular pathways involved 

in cholesterol metabolism. The stimulation time was 24 h [90; 191], corresponding to the duration of 

anticholesterolemic activity experiments as described above. Atorvastatin (1.25 μM), a concentration 

comparable with that available in the literature, was applied as a positive control because it is a well-

known anticholesterolemic substance [184]. All reported data were obtained by comparing results with 

those obtained on untreated cells under physiological or high glucose medium. 

 

4.1.3. MTT Viability 

A3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) test was performed following 

a standard protocol [192] to exclude cytotoxic effects. Briefly, after stimulations, both cell types were 

incubated with 1% of MTT dye (Merck Life Science, Milano, Italy) in DMEM white for 2 h at 37 °C in 

an incubator, and then purple formazan crystals were dissolved in an equal volume of MTT 

solubilization solution. Cell viability was determined by measuring the absorbance at 570 nm with 

correction at 690 nm, through a spectrometer (VICTOR × 4 Multilabel Plate Reader, PerkinElmer, 

Waltham, MA, USA), and calculated by comparing results to control cells without any stimulus 

(baseline 0%). 

 

4.1.4 Measurement of Total and Free Cholesterol 

The anticholesterolemic activity was determined by a Cholesterol Quantitation Kit (Merck Life Science, 

Milan, Italy) following the manufacturer’s instructions. The fractions of the total, free, and esterified 

cholesterol were analyzed [184]. Briefly, after stimulation, the medium was removed and the cells were 

extracted with 200 µL of chloroform:isopropanol:IGEPAL CA-630 (7:11:0.1). The samples were 

centrifuged at 13,000× g for 10 min and the supernatants were transferred to a new tube which was 
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aired dry at 50 °C for 30 min to remove chloroform. Dried lipids were dissolved with 200 µL of the 

Cholesterol Assay Buffer with 50 µL of the Reaction Mix and the samples were incubated for 60 min at 

37 °C protected from light. The absorbance was measured at 570 nm by a spectrometer (VICTORX4, 

multilabel plate reader) and the results were normalized to a sample protein concentration and 

expressed as μg/μL. 

 

4.1.5 LDL Uptake Quantification 

The LDL assay was performed using LDLC colorimetric assay kits (cholesterol oxidase/phenol 

aminophenazone method, Elabscience, Wuhan, China) according to the user manual [193]. Briefly, 2.5 

µL of each sample was added to 180 µL of Reagent 1 and then incubated for 5 min at 37 °C. The 

absorbance was measured by a spectrometer at 546 nm (VICTOR × 4, multilabel plate reader) and the 

results were calculated by comparing data to control cells (baseline 0%). 

 

4.1.6. The Bile Acids Production 

The evaluation of the production of bile acids by the HepG2 cells, after stimulations were verified using 

the fluorometric assay (total bile acid assay) as reported in the literature [194]. Briefly, after 

stimulations, the cells were washed with cold phosphate-buffered saline (PBS), lysed by sonication in 

cold PBS 1X (Merck Life Science, Milan, Italy), and centrifuged at 10,000× g for 10 min at 4 °C. Bile acid 

determination is based on the fluorescence of resorufin measured by a spectrofluorometer at an 

excitation wavelength of 560 nm and an emission wavelength of 590 nm. The obtained results were 

normalized on the protein concentration and expressed as a percentage (%) compared to the control 

(0% line). 

 

4.1.7. HMGCoA Reductase ELISA Kit 

The HMGCoA Reductase ELISA Kit is suitable for the quantitative detection of HMGCoA 

Reductase/HMGCR (LSBio, Seattle, DC, USA) following the manufacturer’s instructions [195]. Briefly, 

cells after stimulations were collected, lysed by freezing and thawing 3 times, and centrifuged at 1500× 

g for 10 min at 2–8 °C. A volume of 100 μL of each sample was incubated with 100 μL of 1× Biotinylated 

Detection Antibody working solution for 60 min at 37 °C and then with 100 μL 1× HRP-Streptavidin 

Conjugate for 30 min at 37 °C. After that, 90 μL of TMB Substrate for 15 min at 37 °C in the dark and 

then 50 μL of Stop Solution were added to each well. The absorbance was measured at 450 nm using a 

plate reader (VICTORX4 multilabel plate reader) and the results were generated to a standard curve 

(0.625–40 ng/mL) and expressed as ng/μL. 

 

4.1.8. Transaminase Analysis 

The ALT assay (Merck Life Science, Milan, Italy) was performed using a colorimetric method to 

evaluate the levels and activity of metabolic enzymes which are elevated in damaged tissues especially 

in liver tissue, according to the manufacturer’s recommendations [196]. Briefly, the cells were 

homogenized with 200 µL of ALT Assay Buffer and then centrifuged at 15,000× g for 10 min. A volume 

of 100 µL of the Master Reaction Mix was added to each sample and after 2–3 min, the measurement 

was started at 570 nm using a plate reader (VICTORX4 multilabel plate reader). The plate protected 

from light was incubated at 37 °C taking measurements every 5 min. The final measurement was the 
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penultimate reading before the most active sample was near the end of the linear range of the standard 

curve. The results were generated comparing data to the standard curve (0–10 nmol/mL) and expressed 

as milliunit/mL. 

 

4.1.9. Lipid Accumulation Assay 

Total lipid accumulation was evaluated by Hepatic Lipid Accumulation Assay Kit (Abcam, 

Cambridge, UK) following the recommendations of the instructions [183]. Briefly, after stimulation, 

the cells were fixed in 75 μL of Fixative for 15 min, washed with 100 μL of Wash Solution, stained with 

75 μL of Oil Red O Working Solution for 20 min at room temperature, and observed under a 

microscope (Leica DM1000). In order to quantify the lipid accumulation, 100 μL of Dye Extraction 

Solution were added to each well, gently mixed for 25 min, and the absorbance was measured at 490–

520 nm using a plate reader (VICTORX4 multilabel plate reader). The results were obtained comparing 

samples OD to control cells (baseline 0%). 

 

4.1.10 SREBP-2 Detection Assay 

At the end of stimulations, cells were lysed to evaluate the levels of SREPBP-2 following the ELISA kit 

manufacturer’s instruction (LSBio, Seattle, DC, USA) [195]. A volume of 100 μL of samples was added 

to 96 well ELISA plates and incubated for 2 h at 37 °C. After that, 100 μL of Detection Reagent A was 

added to each well for 60 min at 37°C in agitation. Then, the plate was incubated with 100 μL of 

Detection Reagent B for 60 min at 37 °C. At the end, 90 μL of TMB Substrate solution was added for 15 

min at 37 °C in the dark. Finally, 50 μL of Stop Solution was added to the plate and the absorbance was 

measured at 450 nm using a plate reader (VICTORX4 multilabel plate reader). The results were 

obtained comparing data to standard curves (0.312–20 ng/mL) and expressed as ng/μL. 

 

4.1.11. ERK/MAPK Detection Assay 

ERK/MAPK activities were measured by the InstantOne™ ELISA (Thermo Fisher) on cell lysates 

following the manufacturer’s instructions [196]. Briefly, cells at the end of treatments were lysed with 

100 μL Cell Lysis Buffer Mix, 50 μL/well of each sample was tested in InstantOne ELISA microplate 

strips, and in each well, the Antibody Cocktail was added and incubated for 1 h at room temperature 

on a microplate shaker. At the end, the Detection Reagent was added to each well, and after 20 min, 

the reaction was stopped by adding a stop solution to each. The strips were measured by a 

spectrometer (VICTOR X4, multilabel plate reader) at 450 nm. The results were expressed as mean 

absorbance (%) compared to the control. 

 

4.1.12. PCSK9 Detection Assay 

PCSK9 activity was measured by analyzing PCSK9 level in culture supernatants of HepG2 cells, 

measured using an ELISA kit according to the manufacturer’s instructions (BioVision, CA, USA; 

Elabscience Biotechnology, Wuhan, China) [197]. Briefly, 100 µL of biotinylated anti-human PCSK9 

antibody working solution was added into each well and the plate was incubated at 37 °C for 60 min; 

the wells were washed with PBS 1× and then incubated for an additional 30 min at 37 °C with 100 µL 

of ABC working solution. At the end of the time, 90 µL of TMB was added into each well and the plate 

was incubated at 37 °C in the dark for 20–25 min. Color development at 450 nm was measured using a 
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microplate reader (VICTOR X4 Multilabel Plate). The results were calculated by generating a standard 

curve (0–10 pg/mL) and expressed as pg/mL. 

 

4.1.13. Cell Lysates and Western Blot 

HepG2 cells were lysed in ice with Complete Tablet Buffer (Roche, Basel, Switzerland) supplemented 

with 2 mM sodium orthovanadate (Na3VO4), 1 mM phenylmethanesulfonyl fluoride (PMSF) (Sigma-

Aldrich, St. Louis, MO, USA), 1:50 mix Phosphatase Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, 

USA), and 1:200 mix Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO, USA). According to 

the standard protocol, 35 μg of protein of each sample was resolved on 10% SDS-PAGE gels, and 

polyvinylidene difluoride membranes (PVDF, GE, Healthcare Europe GmbH) was incubated 

overnight at 4 °C with the following specific primary antibodies: anti-LDL receptor (1:500; Santa Cruz, 

CA, USA), anti-pSRC (1:500; Santa Cruz, CA, USA), anti-SRC (1:500; Santa Cruz, CA, USA), anti-

pAMPK (1:500; Santa Cruz, CA, USA), anti-AMPK (1:500; Santa Cruz, CA, USA) and anti-HMGCr 

(1:500; Santa Cruz, CA, USA). Protein expression was normalized and verified through anti-β-actin 

(Sigma-Aldrich, St. Louis, MO, USA). The results were expressed as means ± SD (% vs. control). 

 

4.1.14. Statistical Analysis 

Data reported were obtained from at least five independent experiments performed in triplicate for 

each experimental protocol and analyzed using Prism GraphPad statistical software. Results reported 

are expressed as means ± SD using a one-way ANOVA followed by Bonferroni post hoc test for 

statistical analysis. p values < 0.05 were considered statistically significant. 

 

 

4.2. RESULTS  
 

4.2.1. Effects of Several Natural Extracts, RYR, and Atorvastatin on HepG2 Cell Viability 

Before exploring the potential anti-cholesterol activity of the new formulation, the effects of the single 

agents and the RYR alone were evaluated on the viability of HepG2 cells by means of a dose-response 

study to verify the toxicological analysis, considering 24 h as the relevant exposure time. As reported 

in Figure 20A–E, all substances were able to induce a reduction in HepG2 cell viability as well as 

reported in the literature, compared to control. These molecular mechanisms may underlie the agent-

induced apoptosis or self-protective response of HepG2 cells. For this reason, the concentration able to 

maintain or produce little increase in cell viability (p < 0.05 vs. control) was chosen for each agent to be 

used in the final formulation (Figure 20F). In particular, Sage extract 10 µM, Quercetin 10 µM, Vitamin 

D3 1 nM, Vitamin K2 1 µM, CoQ10 1 µM, Resveratrol 1 µM, Astaxanthin 9 nM, Sodium Selenite 1 µM, 

Folic Acid 1 µM, and RYR 1 µM were chosen. In addition, when all the agents were added together, 

no significant changes were observed indicating maintenance of a self-protection response even by the 

complete formulation (named Esterol10®). Finally, no adverse effect on HepG2 cell viability was 

observed for atorvastatin. 
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Figure 20. Cell viability of HepG2 cells incubated with the agents alone and combined, for 24 h. RYR = Red Yeast Rice. From 

A to E the dose-response study on cell viability was measured by MTT test of each single extract such as vitamin K2 and 

vitamin D3 (A), quercetin and resveratrol (B), CoQ10 and folic acid (C), astaxanthin and sodium selenite (D), sage extract and 

RYR (E). In (F) the effects of the better concentration of single agents alone and combined (Esterlo10®) were compared to RYR 

and atorvastatin alone. Viability was calculated as the reduction percentage of cells in the culture medium without the 

addition of test substances. Data are mean ± SD of five independent experiments performed in triplicates. * p < 0.05 vs. control. 

 

4.2.2. Effects of Esterol10, RYR, and Atorvastatin on Hepatic Cholesterol Biosynthesis 

In light of the results obtained, the evaluation of anti-cholesterol activity was investigated by testing 

Sage extract 10 µM, Quercetin 10 µM, Vitamin D3 1 nM, Vitamin K2 1 µM, CoQ10 1 µM, Resveratrol 1 

µM, Astaxanthin 9 nM, Sodium Selenite 1 µM, Folic Acid 1 µM, and RYR 1 µM in a unique blend 
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(named as Esterol10®) and comparing the data with RYR 1 µM alone and to Atorvastatin 1.25 µM. The 

biosynthesis of cholesterol was evaluated by analyzing HMGCoA reductase, absorption through LDLr 

and quantification of lipoproteins, accumulation by total and free cholesterol, and conversion into bile 

acids following the physiological homeostasis. As reported in Figure 21, HMGCoA reductase that 

catalyzes the production of mevalonate from HMGCoA which is the rate-limiting step for cholesterol 

synthesis was analyzed by ELISA (Figure 21A) and Western blot and the relative densitometric 

analysis (Figure 21B) on HepG2 cells treated with Esterol10® was compared to data from RYR and 

Atorvastatin. Esterol10® was able to statistically reduce the activity of the enzyme and the receptor 

expression compared to RYR (about 35% and about 30%, respectively) and Atorvastatin (about 72% 

and about 50%, respectively), supporting the ability of the combination to prevent the negative 

consequences of the chronic use of statins leading to the diabetogenic effects. Furthermore, the RYR 

revealed fewer adverse effects similar to atorvastatin (approximately 27% and approximately 28%, 

respectively), supporting the hypothesis on the concentration of RYR-dependent side effects. 

 

Figure 21. HMGCoA reductase activity (A) and HMGCR expression (B) on HepG2 cells. The abbreviations are the same 

reported in Figure 20. Data are mean ± SD of five independent experiments performed in triplicates. In panel B, the images 

reported are an example of a Western blot obtained with technical replicates. * p < 0.05 vs. control; # p < 0.05 vs. RYR; y p < 

0.05 vs. Atorvastatin. 

 

4.2.3. Effects of Esterol®, RYR, and Atorvastatin on Cholesterol Metabolism 

Since the hepatic cholesterol after the enzymatic esterification and incorporation into lipoproteins is 

transported to the peripheral tissues by LDL or excreted as free cholesterol or eliminated by 

cholesterol-derived bile acids, additional experiments were carried out to analyze this mechanism. 

Consequently, it is important to define if Esterol10® is an effective treatment for hypercholesterolemia 

compared to 1 µM RYR and 1.25 µM Atorvastatin by reducing cholesterol through lowering total 
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cholesterol and/or by increasing free cholesterol hepatic content. As shown in Figure 22A, all 

formulations tested are able to significantly reduce the total cholesterol content in HepG2 cells (p < 0.05 

vs. control by all substances); in particular Esterol10® exerted the main effect compared to RYR (about 

56%) and Atorvastatin (about 74%) supporting the better influence of the single agents combined in 

the formulation. In addition, only Esterol10® is effective in increasing free cholesterol production 

(Figure 22B); in particular, this effect was more evident compared to RYR (p < 0.05, about 22%) which 

induced a little increase compared to control (p < 0.05). As expected, atorvastatin showed no effect on 

free cholesterol, while total cholesterol was significantly reduced by approximately 20%. 

To confirm the anti-cholesterol activity, the involvement of the LDLr and the consequences of LDL 

uptake on HepG2 cells were also investigated by Western blot and ELISA. In fact, by increasing the 

expression of the LDLr gene, the LDLr protein on the plasma membrane of the hepatocytes and the 

absorption of LDL were improved by Esterol10® (p < 0.05) compared to RYR (about 1.5 times more on 

the LDL receptor and about 90% LDL uptake) and atorvastatin (about 1 time over LDL receptor and 

about 80% LDL uptake) as shown in Figure 22 C,D. 

 

 
Figure 22. Total Cholesterol (A), Free Cholesterol (B), LDLr (C), and LDL uptake quantification (D) on HepG2 cells. The 

abbreviations are the same reported in Figure 20. Data are mean ± SD of five independent experiments performed in triplicate. 

In (C), the images reported are an example of a Western blot obtained with technical replicates. * p < 0.05 vs. control; # p < 

0.05 vs. RYR; y p < 0.05 vs. Atorvastatin. 
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4.2.4. Effects of Esterol10®, RYR, and Atorvastatin on Choleresis Process 

Increased hepatic free cholesterol content is the major form of cholesterol released through bile, and is 

a key step in general cholesterol homeostasis (route of excretion). As the control of this production is 

considered an important target for the treatment of hypercholesterolemia, the potential ability of 1 µM 

of Esterol10, 1 µM RYR, and 1.25 µM Atorvastatin to increase the conversion of cholesterol to bile acid 

was therefore investigated (Figure 23). In particular, Esterol10® has been shown to significantly 

increase bile acid production in the in vitro hepatic model by approximately 1.5-fold more than RYR (p 

< 0.05) and one-fold more than Atorvastatin (p < 0.05), indicating that it is the best formulation with 

choleretic action. Furthermore, the RYR increased bile acid production by approximately 9% compared 

to the control, while atorvastatin was able to increase bile acid production by approximately 6%, less 

than the RYR, confirming their ability to stimulate the synthesis of bile acids. 

 

Figure 23. Bile acid production following treatment of hepatic in vitro model. The abbreviations are the same as reported in 

Figure 20. Data are mean ± SD of five independent experiments performed in triplicate. * p < 0.05 vs. control; # p <0.05 vs. 

RYR and y p < 0.05 vs. Atorvastatin. 

 

4.2.5. Effects of Esterol10®, RYR, and Atorvastatin on the Intracellular Pathways Leading to 

Cholesterol Homeostasis 

Many nutraceuticals and statins have also been shown to induce the expression of the PCSK9 gene 

which binds directly to LDLr to lower plasma cholesterol. This mechanism may be involved in the 

activation of the transcriptional activity of the sterol responsive element binding protein (SREBP). In 

particular, SREBP-2 preferentially transcribes the genes involved in the biosynthetic pathway of 

cholesterol. This mechanism is also important for activating the AMPK/SREBP pathway to reduce lipid 

accumulation in the liver. AMPK is an important protein involved in energy metabolism and the 

regulation of fatty acid metabolism [90]. In this context, as reported in Figure 24, these proteins and 

their mechanisms have also been studied in HepG2 cells after stimulation with 1 µM Esterol10®, 1 µM 

RYR, and 1.25 µM Atorvastatin. As shown in panel A and B, Esterol10® is able to improve the activity 

of PCSK9 (about 20% more than 1 µM RYR and about 2 times more than Atorvastatin, p < 0.05); on the 

contrary, treatment with Esterol10® inhibits the activity of SREBP-2, about 42% less than 1 µM RYR 

and about once more than Atorvastatin (p < 0.05), showing that SREBP phosphorylation can regulate 

protein expression, and confirming the involvement of AMPK/SREBP signaling in treatment with 

Esterol10®. Since PCSK9 is also directly associated with CD36, which is often associated with 

inflammation and steatosis, it regulates LDLr levels and complex the AMPK signaling cascade which 

includes the SRC kinase [198]. Therefore, the same trend observed by PCSK9/SREBP, was also observed 
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by the expressions AMPK (panel C) and SRC (panel D). Indeed, Esterol10® is able to activate the 

AMPK pathway (about 18% more than 1 µM RYR and about 90% compared to Atorvastatin, p < 0.05) 

and to inhibit SRC (about 73% less than 1 µM RYR and about 91% compared to Atorvastatin, p < 0.05) 

indicating that Esterol10® plays a fundamental role on the AMPK/SRC pathway supporting our 

hypothesis of an active role of Esterol10® in the modulation of cholesterol metabolism. Furthermore, 

numerous evidence indicates that the extracellular signal-regulated kinases (ERK) signaling pathway 

is involved in the regulation of PCSK9 and LDLr [199]; thus, to further confirm the activity of 

Esterol10® in regulating the cholesterol level, we also studied the activity of ERKs/MAPK by means of 

ELISA tests. As shown in panel E, Esterol10® could increase the ERK1/2 signal pathway 

(approximately 25% compared to 1 µM RYR and approximately 1.5 times more than Atorvastatin, p < 

0.05) indicating, once again, which could regulate cholesterol metabolism even at the beginning of the 

cascade signaling. Collectively, these results suggest that Esterol10® enhanced PCSK9 expression and 

reduced SREBP-2 activity in HepG2 cells, also regulating the AMPK/SRC pathway through activation 

of the ERK1/2 signaling pathway. 
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Figure 24. Intracellular pathways activated in HepG2 cells. In (A,B,E) the protein activity of PCSK9, SRC, and ERK was 

measured by an ELISA test; in (C,D) the analysis of AMPK and SRC performed by Western Blot and densitometric analysis. 

The abbreviations are the same reported in Figure 20. Data are mean ± SD of five independent experiments performed in 

triplicates. The images reported are an example of a Western blot obtained with technical replicates. * p < 0.05 vs. control; # p 

< 0.05 vs. RYR; y p < 0.05 vs. Atorvastatin. 
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4.2.6. Effects of Esterol10®, RYR, and Atorvastatin on Liver Injury Markers 

Some researchers have suggested that statin and monacolin K treatment is closely related to 

biochemical parameters responsible for liver injury. To explore this aspect, the tissue damage 

associated with our treatment was assessed by measuring alanine aminotransferase (ALT). According 

to the results shown in Figure 25 (panel A), ALT activity decreased significantly after treatment with 

Esterol10® compared to the control (p < 0.05) and compared to 1 µM RYR (about 7 times more) and to 

Atorvastatin (about 2 times more) confirming the positive role of Esterol10® in reducing liver damage; 

this is normally found after chronic treatment with statins, which is known leads to other risk factors, 

such as hypertension or diabetes mellitus. Furthermore, the effects of Esterol10® on the accumulation 

of HepG2 lipids were confirmed by determining the TG total content, both quantitatively and 

qualitatively, using the Oil Red stain and the lipid accumulation test, respectively, after 1 µM of 

Esterol10®, 1 µM RYR, and 1.25 µM of Atorvastatin for 24 h. As shown in Figure 25B, the total lipid 

accumulation determined by Oil Red staining was significantly higher (p < 0.05) in control cells than 

in other treatments; in particular, the attenuation of lipid accumulation was further contrasted by 

Esterol10® compared to Atorvastatin and, even more evidently, by 1 µM RYR. Furthermore, 

Esterol10® significantly reduced (p < 0.05) lipid levels compared to the control at 1 µM RYR and 

Atorvastatin (approximately 75%, 40%, and 88%, respectively). These results also demonstrate for the 

first time that Esterol10® regulates lipid metabolism without side effects. 

Figure 25. Tissue integrity analysis. In (A), ALT activity was measured by an ELISA test. Images captured under the 

microscope at an original magnification of ×20 and reported in (B) showed the intercellular oil droplets stained by the Oil Red 

stain. These oil droplets are solubilized for quantification by spectrophotometric analysis reported in (C). The abbreviations 

are the same as shown in Figure 20. Data are mean ± SD of five independent experiments performed in triplicate. * p < 0.05 

compared to the control; # p <0.05 vs. RYR; y p <0.05 vs. Atorvastatin. 
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5) PREVENTING C2C12 MUSCULAR CELLS DAMAGE COMBINING 

MAGNESIUM AND POTASSIUM WITH VITAMIN D3 AND CURCUMIN 

Research on prevention of hypercontraction damage is taken from the article entitled "Preventing c2c12 

muscular cells damage combining magnesium and potassium with vitamin D3 and curcumin” [192]. Physical 

activity is defined as any bodily movement produced by skeletal muscles which causes energy 

consumption; moderate and constant physical activity is known to be beneficial and to slow the muscle 

loss process associated with aging. The aim of the present study was to test, in an in vitro exercise 

model, the biological effects of a new formulation composed of magnesium and potassium combined 

with vitamin D and curcumin created to support muscle activity and to prevent hypercontraction 

damage. In this context, C2C12 cells were treated with vitamin D, buffered magnesium bisglycinate, 

curcumin, and potassium citrate. Cell viability, morpho-functional changes, calcium and magnesium 

movements, and the main kinases involved in glucose uptake were analyzed. The glycogen level and 

lactate were also evaluated. Important results about a positive effect on mitochondrial activity, ATP 

production, oxygen consumption and in the physiological differentiation of C2C12 cells were obtained. 

Further experiments were performed under conditions that mimic the biological aspects of strenuous 

exercise. The combination of magnesium, vitamin D3, curcumin, and potassium citrate revealed 

beneficial effects on skeletal muscle cells under physiological conditions as well as while mimicking 

intense activity. In particular, in an in vitro model, they were able to control the hypercontraction, 

restoring ion fluxes, reducing inflammation signaling and supporting the main mechanism involved 

on aerobic activity. In conclusion, the results have indicated for the first time that this new combination 

could be considered as a new nutraceutical formulation to improve physical performance and muscle 

recovery. 

 

 

5.1. MATERIALS AND METHODS  
 

5.1.1. 2C12 cell culture 

C2C12 murine myoblasts were purchased from American Type Culture Collection (Manassas, VA, 

USA). Cells were grown in Dulbecco's Modified Eagle Medium (DMEM; Sigma-Aldrich, Milan, Italy) 

supplemented with 10% FBS (Sigma-Aldrich, Milan, Italy), 100U/ml penicillin/streptomycin and 

maintained in an incubator at 37 °C, 5% CO2 and maintained at 40–70% density to obtain cell growth 

(proliferation) without cell differentiation. Depending on the various experimental protocols used, 1 × 

104 cells were plated on 96-well plates to study the mitochondrial activity by MTT test and ATP level; 

4 × 104 cells were plated in black 96-well plates to study oxygen consumption and mitochondrial 

membrane potential; 10 × 104 cells/well were seeded in six-well plates to investigate with Western blot 

the intracellular pathways activated, to analyze the activities by ELISA and the Glucose/Glycogen and 

lactate productions. To synchronize the cell cycle, C2C12 cells were incubated with DMEM without 

red phenol for 24 h before stimulation. The growth medium was changed with 2%FBS, containing 

various several agents alone and combined for a time ranging from 1 h to 8 h and 24 h–72 h to verify 

the early phase of differentiation and the main mechanism activated. This condition was maintained 

during all experimental protocols used. The effects of vitamin D3, magnesium bisglycinate, potassium 
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citrate, and curcumin were tested in the presence or absence of a high concentration of caffeine (2.5 

mM) an agent that causes calcium release from the SR, to mimic the effects of muscle contraction [200]. 

 

5.1.2. Experimental protocol 

C2C12 cell line was used to evaluate the effects of vitamin D3, magnesium bisglycinate, potassium 

citrate, and curcumin alone or in combination to support the cellular mechanisms underlying exercise. 

In addition, the role of severe contraction caused by caffeine as a side effect was investigated in 

presence of the more effective combination of the substances tested alone to prevent or restore the 

muscle damage. This study was divided into three phases. In the first phase, a dose-dependent study 

of the single agents (ranging from 1 h to 24 h) on cell viability was investigated to exclude negative 

effects. In particular, the concentrations of the substances were obtained from the literature: vitamin 

D3 (V) 0.001μM–1μM; 15% magnesium bisglycinate chelate buffered (M) 0.1μM-5mM; potassium 

citrate (K) 0.1mM–5mM; curcumin (C) 1μM–100 μM were tested [182, 201]. The main effects observed 

were obtained by M and K 1 mM, VD 100 nM and C 100 μM, and these concentrations were used 

together to verify the properties of a new combination, named MKVC, in the second and third phases 

of the study. In the second phase, the main intracellular mechanisms underlying exercise were 

investigated and in the third phase, the same analyses were carried out in presence of caffeine 2.5 mM 

to mimic a hypercontractility condition [202]. All substances were prepared directly into medium in a 

10X concentration without adding other agents and directly used to obtain the reported final 

concentration. 

 

5.1.3. Cell viability 

Cell viability was analyzed at the end of each stimulation using MTT-based in vitro Toxicology Assay 

Kit (Sigma-Aldrich, Milan, Italy), as previously described [175] Details of the method are given in 

Supplementary 1. 

 

5.1.4. Oxygen consumption and mitochondrial membrane potential 

The oxygen consumption and mitochondrial membrane potential were immediately and 

simultaneously quantified by Oxygen Consumption/Mitomembrane Potential Dual Assay Kit 

(Cayman Chemical Company; Ann Arbor, MI, USA) following the manufacturer's instructions as 

reported in literature (details are given in Supplementary 2) [203]. 

 

5.1.5. ATP assay 

At the end of each stimulation, the cells were immediately treated with the components of the ATP 

assay kit (Calbiochem, San Diego, USA), following the manufacturer's instructions (details are given 

in Supplementary 3) [204]. 

 

5.1.6. [Mg2+]i movements 

Intracellular Magnesium concentration ([Mg2+]i) was measured using Mg2+-sensitive fluorescent dye 

Mag-fura-2AM (Furaptra, Biotium) as previously described [175]. Briefly, the cells were incubated in a 

Hanks salt solution (Thermo Fisher Scientific, Waltham, USA) without Mg2+ containing 10 mM 

glucose and supplemented with 20 mM HEPES/Tris (pH 7.4), 1.3 mM CaCl2, and 5 μM Mag-fura-2AM 
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at 37 °C for 30 min. The cells loaded fluorescent with Mag-fura-2AM was monitored at regular intervals 

starting from 3min to 300min (15, 30, 60, 120, 150, 180, 210, 240, 270) with excitation at 340 nm and 380 

nm. The acquisitions were obtained using a Fluorescence Spectrometer VICTORX4 multilabel plate 

reader at an emission wavelength of 510 nm with an exposure time of 100 ms. The fluorescence ratios 

(340/380 nm) were calculated and compared to control; Rmax and Rmin were analyzed by the addition 

of 50 mM MgCl2 and 100 mM EDTA, respectively [205]. 

 

5.1.7. [Ca2+] movements 

Calcium movements analysis was performed following a classical technique [175] Cells have been 

washed twice with sterile PBS 1 × and incubated with 5 μM Fura-2AM (Sigma-Aldrich, Milan, Italy) 

for 30 min in the dark in PSS buffer without Ca2+ (1.5 mM KCl, 10 mM HEPES, 10 mM d-Glucose, 2 

mM l-Glutamine, pH 7.4), under shaking at 37 °C. After the stimulations, the fluorescence was 

measured by a fluorescence spectrometer (VICTORX4 multilabel plate reader) at excitation 

wavelengths of 340 nm and 510 nm for emission. The results were reported as means ± SD% compared 

to control cells. 

 

5.1.8. TNFα assay 

TNF-α concentration in C2C12 cells was determined using TNFα ELISA kit (Sigma, Milan, Italy) 

according to the manufacturer's instructions [206]. 

 

5.1.9. Glucose uptake 

Cells were lysed in the extraction buffer as reported on the manufacturer's instruction of Glucose 

Uptake Colorimetric Assay Kit (Sigma-Aldrich) [207]. 

 

5.1.10. Glycogen measurement 

The glycogen synthesis assay was performed following the manufacturer's instructions (BioVision, Life 

Research, Scoresby Victoria, Australia)[208]. 

 

5.1.11. Lactate measurement 

As reported in literature [209] the quantification of lactate level on C2C12 cells was measured after 

lyses on supernatants using a lactate assay kit (BioVision) according to the manufacturer's instructions. 

The contents of pyruvate and lactate were normalized to the total protein amount. 

 

5.1.12. Akt activation assay 

PI3K/Akt activities were measured by the InstantOneTM ELISA (Thermo Fisher, Milan, Italy) 

following the manufacturer's instructions [155]. 

 

5.1.13. Phospho-p38/MAPK ELISA test 

The phosphorylation levels of p38/MAPK were analyzed on cells lysates following the manufacturer's 

instructions as reported on Supplementary 8 (ELISA Kit, Abcam) [210]. 
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5.1.14. Cell lysates and Western blot 

At the end of each treatment, C2C12 cells were washed twice with ice-PBS 1X and lysed in ice using 

Ripa Buffer (50 mM Hepes, 150 mM NaCl, 0,1% SDS, 1%TRITON 100x, 1% deoxycholate acid, 10% 

glycerol, 1,5 mM MgCl2, 1 mM EGTA, 1 mM NaF; all purchased from Sigma-Aldrich) supplemented 

with 2 mM sodium orthovanadate (Sigma-Aldrich), 1 mM phenylmethanesulfonyl fluoride (PMSF; 

Sigma-Aldrich) and 1:100 mix Protease Inhibitor Cocktail (Sigma-Aldrich). 40 μg of protein of each 

sample was resolved into 8% and 15% SDS-PAGE gels, and polyvinylidene difluoride (PVDF) 

membranes (GE Healthcare) were incubated overnight at 4 °C with specific primary antibody: anti-

rabbit Cyclin D1 (1:1000, Cell Signalling), anti-mouse Desmin (1:1000, Santa-Cruz), anti-rabbit 

Phospho-AMPK (1:1000, Millipore), anti-mouse AMPK (1:500, Santa-Cruz), anti-mouse Phospho-JNK 

(1:500, Santa-Cruz), anti-mouse JNK (1:500, Santa-Cruz) and anti-mouse SMA (1:1000, Santa-Cruz). 

Protein expression was normalized and verified through anti-mouse β-actin detection (1:5000; Sigma-

Aldrich) and reported as mean ± SD (% vs control). 

 

5.1.15. In vitro experimental model for examining the skeletal muscle cell biology of exercise 

Due to its powerful ergogenic and metabolic stimulating effects in skeletal muscle, caffeine has been 

used in a series of experiments to mimic exercise-like conditions to test the MKVC combination in a 

hypercontractility scenario. Caffeine was used at 2.5 mM, as suggested by studies in the literature [200]. 

 

5.1.16. Statistical analysis 

Data reported were obtained from at least five independent experiments performed in triplicates for 

each experimental protocol and analyzed using Prism GraphPad statistical software. Results are 

reported as means ± SD using One-way ANOVA followed by Bonferroni post hoc test for statistical 

analysis. p values < 0.05 were considered statistically significant. 
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5.2. RESULTS 

5.2.1. Dose-response and time-dependent study of cell viability on C2C12 cells 

To verify the effects and to exclude any cytotoxic effects, C2C12 cells were stimulated with magnesium 

(M), potassium citrate (K), vitamin D3 (V) and curcumin (C) alone in dose-response and time-

dependent experiments (24–72 h) by analyzing cell viability using MTT assay. As shown in Fig. 26A–

D, in the first set of experiments all substances were able to induce an increase in cell viability during 

the time without cytotoxic effects. In particular, M and K (Fig. 26A and B, respectively) showed an 

inversely proportional effect where the 1 mM concentration was able to induce a greater effect than the 

other concentrations throughout the analyzed period (p < 0.05). V and C (Fig. 26C and D, respectively) 

showed a directly proportional effect to the dose used and V 100 nM and C 100 μM were able to induce 

greater effects than other concentrations tested throughout the period analyzed. All these data 

confirmed that none of the substances had cytotoxic effect overtime on muscle cells and 1 mM for M, 

1 mM for K, 100 nM for V and 100 μM for C were the concentrations tested in combination and 

maintained in all subsequent experiments. As reported in Fig. 26E, the effect of the combination of 

tested substances, named MKVC, was also investigated on cell viability to verify its effectiveness and 

to exclude any negative effects. Data confirmed a time-dependent effect with a maximum effect at 24 

h compared to control (p < 0.05, about 92%) and to all other time points (p < 0.05, about 52% at 8 h, 48% 

at 8 h and 17% at 72 h), indicating the effectiveness of the combination in stabilizing the effects of 

individual agents on mitochondrial health over time. 

Figure 26. Cell viability measured by MTT. From panel A to D single agents were tested alone in a dose-response and time-

dependent study. M = magnesium in panel a; K = potassium citrate in panel b; V = vitamin D3 in panel c; C = curcumin in 

panel d. The best dose chosen from the tested range of individual agents is indicated in red. Data reported are expressed as 

means ± SD of five independent experiments. ∗p < 0.05 vs control. In E the cell viability of the combined product named 

MKVC. MKVC = magnesium, potassium citrate, vitamin D and curcumin added together. ∗p < 0.05 vs control. 
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5.2.2. Morpho-functional changes in C2C12 cells treated with MKVC 

To understand if this new combination was also able to induce a physiological differentiation on 

myotubes of C2C12 cells, further experiments were carried out by stimulating the cells for 24 h and 72 

h analyzing the differentiation phases, using cyclin D1 and desmin by Western blot analysis (Fig. 27A 

and B, respectively). The MKVC combination was able to induce a greater effect than the control (p < 

0.05) confirming that cyclin D1 expression is abundant in proliferating myoblasts and similar data were 

derived from desmin analysis. Furthermore, this combination induced a greater effect at 72 h than at 

24 h (p < 0.05 vs control) indicating that differentiation began at 24 h (about 27.7% and 35% on both 

proteins, respectively) confirming the hypothesis of better effect in conditions of intense activity. 

Figure 27. Western blot and densitometric analysis. In A cyclin D1 and in B desmin expressions caused by MKVC during time 

(at 24 h and 72 h). An example of Western blot normalized through β-act is reported. Data are reported as means ± SD of six 

independent experiments. The abbreviations are the same as reported in Fig. 1. ∗p < 0.05 vs control; ∗∗p < 0.05 vs 24 h of 

stimulation. 

 

Mitochondrial activity is crucial for myoblast proliferation, and it is always accompanied by increased 

ATP production and oxygen consumption. The analysis of mitochondria by JC1 suggested that MKVC 

has a significant impact on mitochondrial activity, particularly on mitochondrial membrane potential. 

It was able to induce a greater increase compared to control (p < 0.05) at 24 h versus 72 h (about 9% 

and about 7%, respectively), as shown in Fig. 28A, confirming a physiological increase in the chemical 

energy of the cells. In order to obtain more information on mitochondrial metabolism during exercise, 

oxygen consumption and ATP production were also studied. As shown in Fig. 28B and C, the rate of 

oxygen consumption and ATP production played an important role in myoblast proliferation. Indeed, 

MKVC induced an increase in oxygen and ATP consumption compared to the control (p < 0.05) and 
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between the two times at 24 h, no significant changes were observed that could indicate the 

physiological activity of the mitochondria. 

 

Figure 28. Analysis of cellular energy. In A mitochondrial potential membrane, in B oxygen consumption and in C ATP levels 

caused by MKVC during time (at 24 h and 72 h). Data are reported as means ± SD of six independent experiments. The 

abbreviations are the same as reported in Fig. 1. ∗p < 0.05 vs control. 

 

 

5.2.3. Calcium-magnesium flux analysis to determine the effects on biology of contraction-

relaxation cycle 

As it is known, muscle contraction during exercise depends on variations in the intracellular 

concentrations of calcium ions (Ca2 +). Since the behavior of calcium in C2C12 cells is like that observed 

in in vivo experiments, changes in calcium and magnesium levels by Fura-2AM and Furaptra were 

analyzed in vitro, respectively. These experiments were carried out to clarify the importance of Mg2+ 
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and Ca2+ movements after treatments with MKVC under free-Mg2+ and Ca2+ medium conditions. 

The balance between calcium and magnesium movements is a reference of the cycles of contraction 

and relaxation and, as reported in Fig. 29, it showed an alternating pattern from 3 min to 180 min with 

respect to the control (p > 0.05). The presence of magnesium in the formulation produces a 

physiological movement of calcium ions. This up and down flow was supposed to be related to the 

contraction-relaxation cycle. MKVC showed a significant effect over time that was significant at 5 min 

and 60 min (45% and 47% respectively), supporting MKVC effects on the contraction-relaxation cycle. 

In addition, these effects regulate a physiological balance between Mg2+ and Ca2+ flux. Data suggest 

that MKVC is able to reduce electrolyte flux peaks also at a physiological level, indicating lower energy 

consumption during muscle activity over time. 

Figure 29. Effect on contraction of MKVC. The graph shows a ratio from calcium movements and magnesium flux normalized 

to control values ranging from 3min to 180min. After the administration of MKVC (time 0), a series of oscillations of the Ca2 

+ /Mg2 + ratio was observed, which correspond to cycles of contraction and relaxation of the cells. Data are reported as means 

± SD (%) of five independent experiments. All time points are ∗p < 0.05 vs control. 

 

5.2.4. Assessment of muscle activity and inflammation in C2C12 cells 

Following the treatment, an immune response could be triggered to assist myoblast proliferation. Since 

TNFα expression can increase myoblast proliferation, to understand if pro-inflammatory cytokines 

play a role in this context, TNFα quantification was performed on C1C12 myoblast at the two-time 

point chosen on the effects on cell viability at 8 h (the beginning of effect) and 24 h (maximum effect). 

As shown in Fig. 30A, MKVC induced TNF-α released at 8 h hours and 24 h (about 8.7% respect with 

control and 16% respect with 8 h) in a physiological way; indeed at 8 h the production was near the 

control values (p > 0.05) and at 24 h the production was less than control (p < 0.05) indicating that no 

inflammation response was taking place. Furthermore, since MKVC administration results in normal 

cytokine production under physiological conditions over time, the data suggest that this formulation 

may be more effective in hypercontractility conditions. Since muscle is the most important user of 

glucose, the accumulation and degradation of glycogen in skeletal muscle plays a central role in 

systemic glucose homeostasis. To evaluate glucose/lactate concentration and glycogen accumulation, 

C2C12 cells were treated with MKVC and their respective analysis were performed. As shown in Fig. 

30B and C, glycogen and glucose concentrations were more present in the myoblast at 8 h than 24 h 

compared to control (p < 0.05) (about 10.5% and 79% respectively). The glucose concentration showed 

the same trend as the glycogen variation suggesting that these two main reserves of muscle fuels were 
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consumed under physiological conditions after MKVC stimulation. At the base of this mechanism 

there is also the lactate role, which is a metabolic intermediate mainly produced in muscles under 

anaerobic conditions, especially during exercise. Lactate was previously regarded as “a metabolic 

waste product” but is now known to be an important fuel source, either used within cells or exported 

to adjacent organs. Lactate analysis was performed by intra- and extra-cellular analysis and as shown 

in Fig. 30D, the extra-cellular level was more abundant at 8 h than 24 h with respect to control (p < 

0.05); at 8 h lactate level was about 2% respect 24 h. These data suggest that under physiological 

conditions, MKVC induces a lower intracellular accumulation of lactate with consequent greater 

consumption of glucose supporting the aerobic activity. 

Figure 30. Analysis of several contraction parameters. In A TNF-α ELISA assay, in B glycogen accumulation, in C glucose 

uptake, and in D lactate analysis with intracellular and extracellular quantification. All these parameters were investigated at 

two time points. The abbreviations are the same as used in Fig. 1. Data are reported as means ± SD of five independent 

experiments. ∗p < 0.05 vs control; the bars p < 0.05 between the different time points. 

 

5.2.5. Analysis of the intracellular pathways activated by MKVC on C2C12 cells 

To explore whether MKVC can support different phases and moments in the intracellular mechanisms 

involved in an exercise, further experiments were performed by analyzing some important kinases in 

muscle cells. As reported in Fig. 31A, the activity assay of p38/MAPK was analyzed as a marker of 

contractile response at 8 h and 24 h of stimulations. Data confirmed MKVC's role in aiding the 

activation of this intracellular pathway at 8 h. Moreover, the effect at 24 h is reduced leading to the 

energy conservation state. In contrast, the effect at 8 h supported previous findings on the proliferation 

phase induced by MKVC compared to control (p < 0.05). A second major pathway supporting protein 

synthesis and glucose uptake, PI3K/Akt (Fig. 31B), confirmed its ability to support a late phase of cell 
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activation since MKVC can induce its activation (p < 0.05) compared to control. Furthermore, at 24 h 

its activation was reduced compared to 8 h (p < 0.05, about 46%) but it was increased compared to 

control (p < 0.05, about 12%) indicating that the effects on myoblasts were maintained over time. 

Another key regulator of cellular metabolism, which plays a predominant role in catabolic mechanisms 

is the glucose transporter AMPK, which has also been studied. As reported in Fig. 31C MKVC appears 

to improve muscle metabolism at 8 h in which a greater expression of AMPK is observed (about 36% 

than 24 h, p < 0.05) compared to control (p < 0.05, about 18%). The effectiveness of MKVC is maintained 

over time and demonstrated for the first time that MKVC can induce glucose uptake according to the 

classic activation mechanisms with mitochondrial modulation. Furthermore, to support the 

effectiveness of the contraction and to rule out the inflammatory response, the evaluation of JNK ½ 

was carried out. As reported in Fig. 31D, MKVC improved the biology linked to contractile response, 

offering a physiological picture of the muscular cell activity at 8 h, it maintained an effect equal to the 

control which was drastically reduced at 24 h supporting a lower level of hypercontraction with a 

reduction of 5.5 times in the presence of high glucose. These data support the effectiveness of MKVC 

in addition to improving metabolism also in reducing any associated inflammatory processes. 

Finally, other experiments were conducted evaluating SMA as a marker of muscle regeneration, 

including post-trauma and anti-muscle damages. As demonstrated in Fig. 31E, after MKVC 

stimulation, myoblasts appear better at maintaining physiological contractile activities at 8 h as they 

had a greater effect compared to control (p < 0.05 about 17.7%), and this effect was amplified at 24 h 

compared to control (p < 0.05) and to 8 h (p < 0.05 about 50.8%), indicating that this effect is consolidated 

over time. These data support the in vitro efficacy of MKVC in maintaining muscle survival systems, 

even after hypercontraction-related damage. 
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Figure 31. Protein activity, Western blot and densitometric analysis on C2C12 cells. In A p38 phosphorylation and in B 

PI3K/Akt activity measured both by ELISA test. Data are reported as means ± SD of four independent experiments reported 

as % vs control (0 line). The abbreviations are the same as reported in Fig. 1. ∗p < 0.05 vs control; the bar between 8 h and 24 

h of MKVC stimulation. In C AMPK phosphorylation, in D JNK phosphorylation and in E SMA expression was analyzed by 

Western blot and densitometric analysis. The images reported are an example of each protein from five independent 

experiments normalized on specific total protein when possible and verified by β-actin detection. Data are reported as means 

± SD (%) vs control (0 line). 

 

5.2.6. Simulated hypercontraction induced by caffeine 

It is well established from in vitro studies that caffeine has a direct effect on muscle contraction. It plays 

a key role in the functioning of the sarcoplasmic reticulum, increasing calcium permeability and 

making it readily available for the contraction mechanism [211,200] Caffeine was administered to the 

C2C12 cells to provide a ‘strenuous exercise-like treatment’, thus studying the biological aspects of 

exercise to examine exercise-regulated changes in signal transduction and metabolism. Cells were pre-

treated with 2.5 mM caffeine and then treated with MKVC at 8 and 24 h. To understand the effects on 
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contraction-related molecular mechanisms, calcium and magnesium levels were analyzed. As reported 

in Fig. 32A, caffeine does not allow an adequate relaxation phase. On the other hand, MKVC has a 

better contraction modulation effect (about 15% less than caffeine), supporting the effects of MKVC in 

facilitating relaxation after hypercontraction, compared to control (p < 0.05) and compared to caffeine 

treatment, which instead delays relaxation (p < 0.05). Ultimately, these data state that MKVC better 

modulates calcium movements, bringing them back to more physiological values and remodeling the 

contractile phase with less cellular fatigue. 

Since in vivo exercise induces a cascade of intracellular mechanism (e.g., activation of AMPK), 

proteomic (e.g., GLUT4), and metabolic changes (e.g., increased glucose uptake), additional 

experiments in vitro were carried out to confirm the effects of MKVC. Consequently, additional 

parameters such as glucose uptake, glycogen consumption, and lactate accumulation were studied 

following pre-treatment with caffeine. As shown in Fig. 32B–D, caffeine alone induced a biological 

response compatible with a state of severe contraction accompanied by high glucose uptake, high 

glycogen concentration, and a significant increase in extracellular lactate (p < 0.05). This indicates a 

negative condition of the cells compared to a state of hypercontractility. The stimulation with MKVC 

was able to reduce this negative condition, leading the extracellular lactate to the control value (p < 

0.05 vs caffeine alone). Since the strong contraction can cause muscle hypertrophy accompanied by cell 

death in which the stress condition is maintaining for a long time, additional experiments were 

performed analyzing some intracellular pathways leading to glucose transport (e.g., AMPK) and 

muscle regeneration (e.g., SMA). As reported in Fig. 32E, following stimulation with caffeine, MKVC 

allows the restoration of normal glucose uptake with greater effectiveness at 8 h, compared to control 

(p < 0.05). MKVC was able to modulate the AMPK pathway after caffeine stimulation suggesting its 

ability to restore and recover muscle cell metabolism after hypercontractility. Finally, the analysis of 

regeneration and myogenesis markers such as smooth muscle actin (SMA) showed similar results (Fig. 

32F). Indeed, MKVC was able to counteract the negative effect of caffeine and the main effects were 

observed at 8 h compared to control (p < 0.05) and compared to caffeine about twice. In addition, this 

effect is maintained over time suggesting a long-term effect on the restoration of functionality and on 

complete post-trauma regeneration. 

 

All these results support the hypothesis that MKVC may play different roles during different phases 

of muscle activity and reveals beneficial effects during a strong contraction in an in vitro model. 
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Figure 32. Effects of caffeine on C2C12 cells. In A The graph shows a ratio from calcium movements and magnesium flux 

normalized to control values ranging from 3min to 180min. After the administration (time 0), a series of oscillations of the 

Ca2 + /Mg2 + ratio was observed, which correspond to cycles of contraction and relaxation of the cells. Data are reported as 

means ± SD (%) of five independent experiments. In B glucose uptake, in C glycogen accumulation, and in D lactate analysis 

with intracellular and extracellular quantification. All these parameters were investigated at two time points (8 h and 24 h). 

Data are reported as means ± SD of five independent experiments. ∗p < 0.05 vs control; ∗∗p < 0.05 vs caffeine; φ p < 0.05 vs 

intracellular caffeine; the bars p < 0.05 the same treatment between the different time points. In E AMPK phosphorylation and 

in F SMA expression was analyzed by Western blot and densitometric analysis. The images reported are an example of each 

protein from five independent experiments normalized on specific total protein when possible and verified by β-actin 

detection. Data are reported as means ± SD (%) vs control (0 line). ∗p < 0.05 vs control; ∗∗p < 0.05 vs caffeine 8 h; φ p < 0.05 vs 

caffeine 24 h. 
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6) ANTI-OSTEOPOROTIC EFFECTS OF EQUISETUM ARVENSE, 

COMBINED WITH ARTEMISIA ANNUA AND BOSWELLIA SERRATA, 

ON IN VITRO MODEL FOR BONE REMODELING 

Research on age-related osteoporosis is taken from work project number three (WP3), entitled 

“Longevity from Tradition”, which is a section of the Project of Excellence on AGING named “Molecular 

determinants of the onset of sarcopenia and osteoporosis and exploration of potential therapeutic strategies 

(MODESTHE)”. Osteoporosis, the most common chronic metabolic bone disease, is characterized by 

low bone mass and increased bone fragility. Nowadays more than 200 million individuals are suffering 

from osteoporosis and still the number of affected people is dramatically increasing due to an aging 

population and longer life, representing a major public health problem. Current osteoporosis 

treatments are mainly designed to decrease bone resorption, presenting serious adverse effects that 

limit their safety for long-term use; therefore, new therapeutic approaches are required to treat 

osteoporosis and reduce the side effects related to the use of anti-osteoporotic drugs [212-214]. As 

regards, traditional medicine is a rich source of bioactive compounds waiting for discovery and 

investigation, and therefore botanicals have recently received increasing attention. In this context, 

several studies reported the efficacy of Equisetum arvense extract on the reduction of the risk of fracture 

related to osteoporosis [215]. In particular, Equisetum arvense has a high concentration of silica, and it 

has been demonstrated in vitro that the Equisetum arvense extract induces bone regeneration and 

inhibits osteoclastogenesis; moreover, it has been reported that Equisetum arvense extract enhances bone 

mineralization and bone formation in ovariectomized rats. Additionally, recent evidence revealed that 

a diet containing Equisetum arvense extract (120 mg/kg) increases bone mineral density in rats [119]. 

However, there are scarce studies to support the hypothesis of the beneficial effects of Equisetum arvense 

on bone health, and the European Food Safety Authority concluded that there is not enough evidence 

of the bone-protecting influence of Equisetum arvense extract [216]. To date, the aim of this study was 

to investigate whether Equisetum arvense extract could inhibit bone resorption, combined in an oral 

treatment with other nutraceuticals with anti-inflammatory and antioxidant properties, both in an in 

vitro model of glucocorticoid-induced osteoporosis and in an in vivo model of osteoporotic mice.  

 

 

6.1. MATERIALS AND METHODS  
 

6.1.1. Cell Culture 

The human epithelial intestinal cells (CaCo-2 cell line) purchased from the American Type Culture 

Collection (ATCC) were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham 

(DMEM-F12, Merck Life Science, Rome, Italy) supplemented with 10 % foetal bovine serum (FBS), 2 

mM l-glutamine and 1% penicillin–streptomycin and maintained in an incubator at 37 °C and 5% CO2. 

The experiments were carried out using cells at passage numbers between 26 and 32 to maintain the 

correct physiology and explore paracellular permeability and transport properties [217]. This in vitro 

model, accepted by EMA and FDA, was widely used to predict absorption, metabolism, and 

bioavailability of several substances after oral intake in humans [172,173, 218]. During the experiments, 

1 × 104 cells were plated in 96-well plates to study cell viability by MTT and ROS production in a 
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complete medium. The medium was changed using DMEM without red phenol supplemented with 

0.5 % FBS, 2 mM l-glutamine and 1% penicillin–streptomycin at 37 °C for 8h to synchronize the cells. 

To perform the absorption analyses 2 × 104 cells were plated on 6.5 mm Transwell® with 0.4 μm pore 

polycarbonate membrane inserts (Merck Life Science, Italy) in a 24 well plate.  

 

The MC3T3-E1 mouse calvaria-derived preosteoblast cell line, which contributed remarkably to the 

investigation of the role of osteoblasts in bone formation [219], was obtained from ATCC and cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Merck Life Science, Rome, Italy) containing 10% FBS, 

2 mM l-glutamine and 1% penicillin–streptomycin and maintained in an incubator at 37°C and 5% CO2. 

The culture medium was changed every 2–3 days, and cells of a passage number 23 were used for the 

project [220]. For the experiments, 1×104 cells were plated in 96 well plates to study cell viability by 

MTT; moreover 5 × 103 cells/well were seeded on a 96-well plate to analyze Alkaline Phosphatase (ALP) 

activity by specific kit, calcium deposition by Alizarin Red and to evaluate the main intracellular 

pathway involved. 

 

Murine macrophage RAW264.7 cells were purchased from ATCC cultured in DMEM supplemented 

with 10% FBS, 2 mM l-glutamine and 1% penicillin/streptomycin at 37°C in a humidified atmosphere 

of 5% CO2 [221]. This cell line is appropriate to study osteoclast biology since RAW264.7 cells could 

respond to stimuli in vitro and, subsequently, generate multi‐nucleated cells with the hallmark 

characteristics expected for fully differentiated osteoclasts [222]; in accordance with literature, it is 

recommended to use RAW264.7 cells above passage 18 [223,224]. After reaching the confluence, cells 

were trypsinized and 5 × 105 cells/cm2 were placed in a lower compartment of the plate [225] to 

determine mature osteoclast; furthermore, differentiation media containing 10 ng/mL RANKL + 10 

ng/mL MCSF was replenished every 2–3 days [226]. After being cultured for 5 days, RAW264.7-derived 

osteoclasts were used to evaluate cell viability, TRAP positive cells and to evaluate the main 

intracellular pathway involved; additionally, RAW264.7-dervied osteoclast were used in a co-culture 

model to evaluate bone resorption activity using a specific assay.  

 

6.1.2. Reagent Preparation 

For both in vivo and in vitro experiments, Equisetum arvense extract, Artemisia annua extract and Boswellia 

serrata extract were purchased from market, since they are common readily available nutraceuticals. 

Firstly, to evaluate the effects on intestinal cells leading to finding the non-toxic concentration, a dose–

response study was performed, testing the extracts with a concentrations range reported in the 

literature. To date, the cells were treated with increasing concentrations of Equisetum arvense (range 

from 10µg/ml to 100 µg/ml [163]), Artemisia annua (range from 0.4µM to 10µM [227]) and Boswellia 

serrata (range from 5µM to 50µM [228]). The best concentration of each extract was maintained for all 

successive experiments. During the project development, all substances were dissolved directly in the 

stimulation medium consisting of DMEM without red phenol and FBS but supplemented with 1% 

penicillin/streptomycin and 2 mM L-glutamine. All of these agents were tested alone and in 

combination (in this work the compound was referred to as ABE) following the hypothesis of a new 

potential formula to be used in humans.  

 



 95 

 

6.1.3. Experimental Protocol 

In order to analyze the beneficial effects of Equisetum arvense extract, Artemisia annua and Boswellia 

serrata, alone and combined, on human bones after oral intake, the project was divided into four steps; 

firstly, it was verified the ability of Equisetum arvense extract, Artemisia annua and Boswellia serrata, alone 

and combined, to cross the intestinal barrier in an in vitro model of human intestine in order to exclude 

negative effects and, secondly, their effects on osteoblast cells were analyzed evaluating several 

parameters and mechanism of actions of their metabolism. In this regards, intestinal CaCo-2 cell line 

was used in a dose–response study to assess the best concentration able to exert the most beneficial 

effects on cell viability and ROS production; consequently, the best concentration of Equisetum arvense, 

Artemisia annua and Boswellia serrata were combined in a new formulation named ABE and tested on 

an intestinal in vitro barrier model to verify intestinal integrity through TEER measurement, tight 

junction (TJs) analysis by ELISA kit, and permeability assay by Papp measurement. For all these 

experiments, the treatments were evaluated over a period of 6h (the maximum time of absorption of 

the molecules) and, after each stimulation, the basolateral medium was collected to be used on 

osteoblastic cells. MC3T3-E1, one of the most commonly used osteoblast-like cell lines, was treated 

every 24 h for 14 days and 21 days, changing culture media every 3 days [213, 220] and, at the end of 

stimulation, the mitochondrial metabolism, ALP activity and mineralized nodules were tested.  

Since the study aimed to evaluate the protective role of bioactive compounds during osteoporosis, a 

condition occurring when osteoblast go to senescence reducing the OPG levels and allowing the 

activation of osteoclast-based resorption [112], in phase 3 of this project further experiments were 

conducted using an in vitro model of glucocorticoid-induced osteoporosis. Therefore, a coculture 

system for bone resorption was established in which osteoblasts (MC3T3-E1 cells) and osteoclasts 

(RAW 264.7 cells) were allowed to interact mimicking bone tissue, in which osteoporotic conditions 

were induced pre-treating MC3T3-E1 with 1µM of dexamethasone (DEX) for 3 days [229]. 

Subsequently the coculture were treated with Equisetum arvense extract, alone and combined with 

Artemisia annua and Boswellia serrata, to evaluate the antiresorptive activity of the new formulation 

analyzing, on the one hand, osteoblast maturation mechanisms and bone recovery and, on the other 

hand, osteoclast activation inhibition and the reduction of bone resorption.  

 

6.1.4. Cell Viability 

The analysis of cell viability was performed using a classical technique based on the MTT-based In vitro 

Toxicology Assay Kit (Merck Life Science, Rome, Italy) [217], following the manufacturer’s 

instructions. Indeed, at the end of stimulation, the cells were incubated with 1% MTT dye for 2 h in an 

incubator at 37 °C, 5% CO2, and 95% humidity, and then the purple formazan crystals were dissolved 

in an equal volume of MTT Solubilization Solution. The absorbance was analyzed by 

spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) at 570 nm with correction 

at 690 nm, and results were expressed compared to the control (0% line), which represented untreated 

cells. The results reported an increase in the percentage of viable cells compared to the control and 

indicated a higher number of viable cells plus the control. This strategy can lead to a high level of safety 

of the stimulation and, consequently, to a correct analysis of the results. 
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6.1.5. ROS production 

In CaCo-2, the ROS production was measured by analyzing the reduction of cytochrome C using a 

standard protocol [117], measuring the absorbance at 550 nm through the spectrometer (Infinite 200 

Pro MPlex, Tecan). O2 ratio was expressed as the mean ± SD (%) of nanomoles per reduced cytochrome 

C per microgram of protein compared to the control. The data reported represent means of five 

independent experiments performed in triplicate. 

 

6.1.6. In vitro Intestinal Barrier Experimental Model 

Cells plated on the Transwell® insert were maintained in complete medium for 21 days before the 

stimulations, changing the medium at alternative day on the apical or basolateral side [217]. Before 

stimulation on the apical side, the medium was changed to a medium at pH 6.5, which mimicked the 

lumen of the small intestine, while on the basolateral side was changed to a pH 7.4 to reproduce the 

blood condition [217]. During treatments, the cells were maintained in an incubator at 5 % CO2 and, at 

the end of stimulations, both apical and basolateral medium was collected for subsequent analyses. At 

the end of the stimulation, in order to evaluate whether Equisetum arvense extract, alone and combined 

with Artemisia annua and Boswellia serrata, could be able to cross the intestinal barrier and arrive to bone 

tissue, the TEER values were evaluated by EVOM3, coupled with STX2 chopstick electrodes (World 

Precision Instruments, Sarasota, FL, USA). On day 21, when TEER value ≥ to 400 Ωcm2 [174], the 

medium at the apical and basolateral environments were changed to create different pH conditions 

[217]. The cells were kept for 15 min at 37 °C and 5% CO2, after which the TEER values were measured 

again before the start of the experiment to verify a stabilization of the values. The cells were stimulated 

with Equisetum arvense extract, alone and combined with Artemisia annua and Boswellia serrata, for 1h to 

6h before the successive analysis, including the permeability assay measured by Papp (cm/s) analysis, 

following formula: 

Papp = dQ/dt *1/m0 *1/A *V Donor 

dQ: amount of substance transported (nmol or μg); 

dt: incubation time (sec); 

m0: amount of substrate applied to donor compartment (nmol or μg); 

A: surface area of Transwell® membrane (cm2); 

VDonor: volume of the donor compartment (cm3). 

 

Negative controls without cells were tested to exclude Transwell® membranes influence. The analysis 

was performed in triplicates and reproduced five times. 

 

6.1.7. Occludin quantification assay 

The Human Occludin (OCLN) ELISA kit (MyBiosource, San Diego, CA, USA) was used to analyze the 

occludin presence in CaCo-2 cell lysates, according to the manufacturer’s instruction [217]. The 

enzymatic reaction was analyzed by a spectrometer (Infinite 200 Pro MPlex, Tecan) at 450 nm. The 

concentration is expressed as pg/mL compared to a standard curve (range from 0 to 1500 pg/ml) and 

the results are expressed as a percentage (%) versus control (0 line). Data reported are representative 

of means of five independent experiments performed in triplicate. 
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6.1.8. Claudin quantification assay 

The Human Claudin4 was measured in CaCo-2 lysates by ELISA kit (Cusabio Technology LLC, 

Houston, USA), following the manufacturer’s instructions [217]. The reaction was analyzed by a 

spectrometer (Infinite 200 Pro MPlex, Tecan) at 450 nm. The concentration is expressed as pg/mL 

comparing data to the standard curve (range from 0 to 1000 pg/ml) and the results are expressed as a 

percentage (%) versus control (0 line) of five independent experiments performed in triplicate. 

 

6.1.9. Human tight junction protein 1 (ZO-1) quantification assay 

The Human Tight Junction Protein 1 (TJP1) ELISA kit (MyBiosource, San Diego, CA, USA) was 

measured in CaCo-2, following the manufacturer’s instructions [217]. The plates were read by a 

spectrometer (Infinite 200 Pro MPlex, Tecan) at 450 nm. The concentration is expressed as pg/mL 

comparing data to the standard curve (range from 0 to 1000 pg/ml) and the results are expressed as a 

percentage (%) versus control (0 line) of five independent experiments performed in triplicate. 

 

6.1.10. Establishment of a Coculture System for Bone Resorption. 

Osteoblast/osteoclast in vitro coculture model was established using Transwell® inserts (Merck Life 

Science, Italy), which were plated on bone resorption assay kit 24 well (PG Research, Tokyo, Japan) in 

order to evaluate osteoclast bone resorption activity [230]. The establishment of a co-culture system 

containing both bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts) more closely 

mimicked the in vivo environment as a cytocompatibility assessment in vitro for bone remodeling [231]. 

Briefly, the bottom of the inserts was composed of polyester materials with a pore size of 0.4 𝜇m, which 

only permits the passage of small, soluble factors. RAW264.7 cells were embedded at a density of 5 × 

105 cells/cm2 in the lower compartment (bone resorption assay plate) of each insert and differentiated 

in osteoclast; after 4 days, MC3T3-E1 cells were incubated at a density of 5 x 104 cells/cm2 in the upper 

compartment of the inserts and maintained in a 24 well plate. After MC3T3-E1 cells were cultured for 

24h, the Transwell® inserts with MC3T3-E1 cells were combined in the bone resorption assay plate with 

RAW264.7-derived osteoclasts. This coculture system was maintained in complete DMEM 

supplemented with 10% heat-inactivated fetal calf serum (FCS) in 5% CO2 at 37°C for 5 days before 

performing the experiments.  

 

6.1.11. Alkaline Phosphatase (ALP) Activity Assay 

The ALP activity was measured after 14 days of treatment to evaluate osteoblast functions following 

protocol reported in literature [220]. Briefly, the cells were washed with cold PBS 1x and lysed with 

lysis buffer containing 50 mM Tris-HCL (pH 7.4) and 1% Triton X-100; the total protein extract obtained 

was centrifuged at 14000 RPM for 20 min at 4°C and the supernatant was collected for determining 

ALP activity and protein concentration. ALP activity was quantified with 4 mg/mL of 4-nitrophenyl 

phosphate (4NPP) dissolved in 0.2 M of 2-amino-2-methyl-1-propanol with 4 mM of MgCl2 as a 

substrate for 30 min at 37°C. The reaction was stopped by 0.1 M NaOH, and the yellow solution was 

measured at 405 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan). At the same time, protein 

concentration was measured using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, 

Waltham, MA, USA). The results were obtained normalizing ALP activity data to the concentration of 

protein and showed as (%) compared to control (0 line). 
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6.1.12. Alizarin Red Staining and Quantitative Analysis of Mineralization 

After 21 days of treatment, MC3T3-E1 cells were stained with alizarin red to examine the 

mineralization nodules, according to protocol reported in literature [232]. The cells were washed with 

PBS 1x and fixed in 75% ethyl alcohol for 30min at 4°C and, at the end of the time, the plate was washed 

with distilled water and stained in 1% alizarin red solution (pH 4.2) for 30min at 37°C. Unbound dye 

was removed by washing several times with distilled water and mineralized nodules were observed 

using a low magnification microscope and photographed (DMi1, Leica, Germany). To quantify matrix 

mineralization, 1mL of 100 mM cetylpyridinium chloride was added to each well and incubated for 1h 

to dissolve and release the calcium- bound alizarin red. The absorbance of released alizarin red was 

measured at 570 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan) and the results were 

expressed as (%) compared to control (0 line). 

 

6.1.13. TRAP staining and the TRAP activity assay. 

In order to analyze osteoclast activity, multinucleated osteoclasts were observed using TRAP kit 

(Merck Life Science, Rome, Italy) as described in the manufacturer’s instructions [233]. Briefly, RAW-

264.7-derived osteoclasts were fixed with 1:1 citrate buffer:acetone and then the cells were stained with 

TRAP kit reagents. The cells containing three or more nuclei were marked as TRAP-positive and the 

percentage of multinucleated cells in each sample was counted using a microscope (DMi1, Leica, 

Germany) in order to quantify the influence of the treatments. Subsequently, TRAP activity was 

determined using para-Nitropheny Phosphate (pNPP) and the absorbance of the resulting, yellow-

colored product was measured at 405 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan) and the 

results were expressed as (%) compared to control (0 line). 

 

6.1.14. Biomimetic Calcium Phosphate Assay and Resorption Pit Assay 

In order to quantify osteoclastic activity, bone resorption assay plates and fluorescein-labeled CaP-

coated 24-well plates (PG Research, Tokyo, Japan) were used according to the manufacture’s 

instruction [230]. Briefly, at the end of the stimulation, 100𝜇L of the cell culture supernatant was 

transferred into a 96-well plate for fluorescence measurement, adding 50𝜇L of bone resorption assay 

buffer to each well. The fluorescence intensity was measured using a fluorescence plate reader (Infinite 

200 Pro MPlex, Tecan) with excitation and emission wavelengths of 485 and 535 nm. The results were 

expressed as (%) compared to control (0 line). 

 

6.1.15. OPG kit 

OPG was analyzed by OPG/TNFRSF11B Duo Set (R&D Systems, Minneapolis, MN, USA) following 

the manufacturer’s instructions [217]. Briefly, 100 μL of samples or standards were added to the well 

and incubated for 2h at room temperature protected from light, and after washing, 100μL of the 

Detection Antibody were added to each well and incubated as previously described. After 2h, 100μL 

of the working dilution of Streptavidin-HRP A were added to each well and incubated for 20 min at 

room temperature. At the end of the time, 100μL of Substrate Solution were added to each well, 

incubated for 20 min at room temperature and 50μL of Stop Solution were used to stop the enzymatic 

reaction. The optical density of each well was measured at 450 nm using a spectrometer (Infinite 200 
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Pro MPlex, Tecan). The results were interpolated with the standard curve (6.25 to 6.25 pg/ml) and 

expressed as a percentage (%) compared to the control. 

 

6.1.16. RANK kit 

RANK was analyzed by Mouse RANKL ELISA Kit (abcam, Cambridge, UK) following the 

manufacturer’s instructions [234]. Briefly, 100 μL of samples or standards were added to the well and 

incubated for 2.5h at room temperature protected from light, and after washing 4 times, 100μL of 

Biotinylated RANKL Detection Antibody were added to each well and incubated for 1h at room 

temperature. After washing, 100μL of the HRP-Streptavidin solution were added to each well and 

incubated for 45 min at room temperature. At the end of the time, 100μL of TMB One-Step Substrate 

Reagent were added to each well, incubated for 30 min at room temperature and then 50μL of Stop 

Solution were used to stop the enzymatic reaction. The optical density of each well was measured at 

450 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan). The results were interpolated with the 

standard curve (2.74 to 2000 pg/ml) and expressed as a percentage (%) compared to the control. 

 

6.1.17. Western Blot 

At the end of each stimulation, both cell types were washed with ice-cold PBS 1X supplemented with 

2 mM sodium orthovanadate and then lysed with ice-cold Complete Tablet Buffer (Roche, Milan, Italy) 

supplemented with 2 mM sodium orthovanadate, 1 mM phenylmethanesulfonyl fluoride (PMSF; 

Merck Life Science, Rome, Italy), 1:50 mix Phosphatase Inhibitor Cocktail (Merck Life Science, Rome, 

Italy) and 1:200 mix Protease Inhibitor Cocktail (Calbiochem, San Diego, CA, USA). Cell lysates were 

obtained by centrifugation at 14.000 g for 20 min at 4°C. 30μg of each protein extract were resolved on 

15% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane, which was incubated 

overnight with the specific primary antibodies at 4 °C: BMP2 (1:500, Santa Cruz, CA, United States); 

ERK1-2 (1:500, Santa Cruz, CA, United States); p38 (1:500, Santa Cruz, CA, United States), RANKL 

(1:500, Santa Cruz, CA, United States) and GSK3b (1:1000, ThermoFisher Scientific, Waltham, MA, 

USA). All protein expressions were normalized and verified through β-actin detection (1:5000, Merck 

Life Science, Rome, Italy), and expressed as mean ± SD (%) of five independent experiments. 

 

6.1.18. Statistical Analysis 

Data collected were processed using Prism GraphPad statistical software 9.4.1 using one-way analysis 

of variance (ANOVA), followed by Bonferroni post hoc tests. Comparisons between the groups were 

performed using a two-tailed Student’s t-test. Multiple comparisons among groups were analyzed by 

two-way ANOVA followed by a two-sided Dunnett post hoc test. All results were expressed as mean 

± SD of at least 5 independent experiments produced in triplicates. Differences with a p < 0.05 were 

considered statistically significant. 
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6.2. RESULTS 
 

6.2.1. Safety analysis of Equisetum arvense extract, Artemisia annua and Boswellia serrata on 

intestinal cells  

Before analyzing the absorption mechanism of natural extracts, the cellular toxicities of  Equisetum 

arvense, Artemisia annua and Boswellia serrata were evaluated to determine the concentrations that 

would not interfere with the cellular metabolism in CaCo-2 cells during the time. As reported in Fig. 

33 (panels A to C), all samples showed a time-dependent profile on cell viability, with a peak between 

3h and 4h, leading to exclude any cytotoxic effect. Indeed, cells treated with Equisetum arvense extract 

50µg/ml showed high viabilities compared to control (p < 0.05) and compared to the other 

concentration tested during all stimulation time. In the same way, from 2h to 6h, Artemisia annua 2µM 

and Boswellia serrata 5µM exhibited a better effect on CaCo-2 cells also compared to other forms 

evaluated (p < 0.05). These molecular mechanisms underlie that the agent didn’t induce cytotoxicity, 

probably improving self-protective response of intestinal cells; for this reason, Equisetum arvense extract 

50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM were chosen to be used in the final 

formulation.  

Moreover, further experiments were carried out to verify if Equisetum arvense, combined with Artemisia 

annua and Boswellia serrata, could improve mitochondrial metabolism and prevent oxidative stress, 

since ROS production has been implicated in the alteration of cellular homeostasis. For this reason, cell 

viability and ROS production were evaluated on CaCo-2 cells from 2h to 6h of simulation;  as shown 

in Fig. 33D, when all the agents were combined, no significant changes in mitochondrial metabolism 

were observed, rather the combination of Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and 

Boswellia serrata 5µM was able to increase cell viability compared to the untreated cells and, especially, 

compared to individual substances (p<0.05), indicating maintenance of a self-protection response even 

by the complete formulation. These data were confirmed also by ROS production analysis (Fig. 33E), 

in which the positive role of the combination was confirmed (p < 0.05); indeed, Equisetum arvense extract 

50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM were able to reduce the ROS production (p < 

0.05) compared to control during the period analyzed, however the effect was amplified when all 

agents were combined confirming a better biological profile of the concentration chosen.  
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Figure 33. Cell viability and ROS production on CaCo-2 cells. From A to C dose-response and time-dependent study on cell 

viability measured by MTT test of each single extract from 2h to 6h (A Artemisia annua; B Equisetum arvense and C Boswellia 

serrata); D and E: Cell viability analysis and ROS production measured by MTT test and reduction of Cytochrome C of each 

natural extract, alone and combined, from 2h to 6h. Data are mean ± SD of five independent experiments performed in 

triplicates.  

 

6.2.2. Effect of Equisetum arvense extract, Artemisia annua and Boswellia serrata on permeability 

to cross intestinal barrier  

To evaluate absorption mechanism and to obtain additional information regarding natural extract 

bioavailability across the intestinal barrier, additional experiments were carried in vitro mimicking the 

complexity of human intestine. Therefore, a 3D model was recreated seeding CaCo-2 cells on the apical 

part of the Transwell® insert, in order to measure the intestinal integrity, and the basolateral part was 

collected and analyzed to evaluate the permeability rate and the plasmatic bioavailability through the 

barrier. This model helps to determine the permeability of a substance across the intestinal barrier and 

is recognized as an excellent pre-clinical model. In this context, Equisetum arvense extract 50µg/ml, 

Artemisia annua 2µM and Boswellia serrata 5µM, alone and combined, were tested from 1h to 6h to 

measure TEER values and the Papp rate to predict their plasmatic bioavailability, which is an 

important parameter related to natural extract absorption. The data (Fig. 34, panels A to C) show that 

intestinal adsorption has a physiological trend. TEER analysis examined during the 21 days of 
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enterocytes maturation, permit to verify a correct barrier formation increasing TEER values till to a 

start a plateau phase (21 day), the exact moment in which the experiments start. Subsequently, the 

TEER analysis reveals that only Boswellia serrata (Fig. 34A) is able to maintain epithelial integrity and 

the ionic conductance of the paracellular pathway in the epithelial monolayer (p < 0.05) compared to 

control, with a main effect at 4h; however, Equisetum arvense and Artemisia annua had a poor effect 

during the same time of the simulation (p < 0.05), suggesting a slight bioavailability of these two natural 

extracts. In the same way, permeability rate and analysis of the flux of non-electrolyte tracers 

(expressed as permeability coefficient) reveled the same results, as reported in figure 34B. Indeed, the 

data obtained from the extracellular environment suggest that not all the substances had crossed the 

intestinal barrier leading to plasmatic environments, showing that only Boswellia serrata could arrive at 

systemic level better than Equisetum arvense and Artemisia annua (p < 0.05). In contrast, the combination 

between Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM was able to 

maintain the epithelial integrity increasing the ionic flux of the paracellular exchanges across the 

intestinal epithelial, compared to control and to single agents (p<0.05), confirming the correct 

functioning of the intestinal epithelium in term of permeability rate. This effect was more evident at 4 

h at which the combination between Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and 

Boswellia serrata 5µM exerted the maximum effect compared to control (p < 0.05) and to other single 

agents (p<0.05). These data are important to predict human absorption based on the Papp conversion 

in which the combination between Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and 

Boswellia serrata 5µM is able to improve the absorption and the plasmatic concentration within 4h of 

intestinal digestion, supporting the hypothesis of a better bioavailability of the product. The 

improvement of permeability may be not only dependent on the transcellular transport through the 

cell membrane, but also paracellular transport of Boswellia serrata from the tight junction to the lateral 

space. Furthermore, to assess the state of epithelial integrity of CaCo-2 cells after the passage of 

Equisetum arvense, Artemisia annua and Boswellia serrata, alone and combined, further experiments were 

carried out evaluating TJs, such as claudin 4 and occludin, members of the claudin family considered 

the principal barrier‐forming protein which contribute to TJ stabilization and optimal barrier function, 

and Zo-1, a member of the junctional adhesion molecule family able to maintain the TJ structure and 

to modulate barrier integrity (figure 34 D, E, and F, respectively). As expected Equisetum arvense and 

Artemisia annua alone maintained TJs activity at the basal level compared to control (p<0.05), 

meanwhile Boswellia serrata showed a greatest effects on the same parameters analyzed (p < 0.05); also 

in this case the combination between Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and 

Boswellia serrata 5µM is able to improve TJs activity compared to control and compared to single agents 

(p<0.05), supporting the hypothesis about the importance of a bioavailable component in the 

formulation, capable of inducing a greater absorption associated with the increases of intestinal barrier 

functions mediated by TJ and ionic conductance of the paracellular mechanism. 
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Figure 34. Permeability study on CaCo-2 cells. A: TEER Value using EVOM3; B: the Papp values; C: plasmatic value referred 

to Papp data in which data < 0.2 × 10−6 cm/s means very poor absorption with a bioavailability < 1 %, data between 0.2 × 10−6 

and 2 × 10−6 cm/s with bioavailability between 1 and 90 %, and data > 2 × 10−6 cm/s means very good absorption with a 

bioavailability over 90 %; D: the analysis of Occludin measured by ELISA test; E: the analysis of Claudin 4 by ELISA kit; F: 

the analysis of Zo-1 by ELISA test. Data are mean ± SD of five independent experiments performed in triplicates. In A control 

correspond to the breck point (at 300 value). * p < 0.05 vs control;  **p < 0.05 single agents. 

 

6.2.3. Equisetum arvense extract, Artemisia annua and Boswellia serrata Increased Osteoblast 

Maturation in Preosteoblastic MC3T3-E1 Cells  

Decreased bone mass is associated with a physiologic decrease of the osteoblastic activity, leading to a 

slower rate of bone mineral apposition which follows an increase in the number of adipocytes, 

osteoclasts, and enhance bone resorption. Therefore, to investigate the impact of Equisetum arvense, 

Artemisia annua and Boswellia serrata on bone homeostasis, the effects of these natural extract on 
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osteoblast activity were examined after intestinal absorption, analyzing the three characterized stages 

of osteoblast differentiation and maturation process, such as matrix maturation, cell proliferation and 

matrix mineralization. To date ALP activity, cell viability, and mineralization assays were performed 

on MC3T3-E1 cell line treated with intestinal metabolizes for 14 and 21 days, time related to the 

physiological processes of osteoblast maturation. As reported in figure 35A, ALP activity were 

increased after 14 days of treatment with Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and 

Boswellia serrata 5µM compared to untreated cell (p<0.05 vs. control); this effect was amplified when all 

single agents were combined (about 56% vs. Equisetum arvense extract 50µg/ml; about 36% vs. Artemisia 

annua 2µM and about 43% vs. Boswellia serrata 5µM; p<0.05), suggesting that the new combination plays 

a crucial role in the mineralization of newly-formed bone maybe increasing it during osteoblast 

differentiation. At the same time, treatment with Equisetum arvense extract 50µg/ml, Artemisia annua 

2µM and Boswellia serrata 5µM alone greatly improve cell viability of osteoblastic cells (p<0.05 vs. 

control), confirming the absence of any cytotoxic effect of the new formulation. Also in this case, the 

combination between Equisetum arvense extract, Artemisia annua and Boswellia serrata was able to 

amplify the beneficial effects compared to single agents (about 14% vs. Equisetum arvense extract 

50µg/ml; about 15% vs. Artemisia annua 2µM and about 26% vs. Boswellia serrata 5µM; p<0.05), 

increasing cell viability beyond physiological limits and leading to the assumption that cell 

proliferative activity is due to the combination of natural extracts. All these findings were confirmed 

by mineralization assay, which examined mineralized nodule formation in MC3T3-E1 cells using 

Alizarin red S method.  Moreover, figure 35C-D showed successful mineralized osteoblast cells in vitro, 

since all single agents were able to produce calcium phosphate and osteoblast mineralization (p<0.05); 

as expected, the combination between Equisetum arvense extract, Artemisia annua and Boswellia serrata 

presented higher mineralization rate than single agents (about 44% vs. Equisetum arvense extract 

50µg/ml; about 75% vs. Artemisia annua 2µM and about 53% vs. Boswellia serrata 5µM; p<0.05), 

confirming that the new combination is able to produce bone matrix mineralized by osteoblast 

differentiation, improving the induction of calcium and phosphate-based minerals.  

 

 
Figure 35. The effect of the Equisetum arvense, Artemisia annua and Boswellia serrata, alone and combined, on MC3T3-E1 cells. 

A: Cell viability analysis measured by MTT test; B: ALP activity quantification; C: mineralized nodules quantification. Data 

are mean ± SD of five independent experiments performed in triplicates. In A the threshold corresponds to starting 

proliferation cut off (at 90% of cell viability [235]). * p < 0.05 vs control;  **p < 0.05 single agents. 
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Finally, as reported in figure 36, to support the data obtained, further experiments were conducted 

analyzing the main intracellular pathways involved in osteoblast differentiation and maturation. To 

date, the role of bone morphogenetic protein type 2 (BMP-2) was investigated since it activates two 

MAPKs, (e.g., ERK and p38), which in turn up-regulate bone formation-related gene expression and 

promote osteoblastic differentiation and mineralization. As reported in figure 36A-C, Equisetum arvense 

extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM alone were able to activates both p38 

and ERK compared to untreated cells (p<0.05); furthermore, better results were observed when all 

natural extracts were combined, since it improved BMP-2 expression (about 28% vs. Equisetum arvense 

extract 50µg/ml; about 63% vs. Artemisia annua 2µM and about 45% vs. Boswellia serrata 5µM; p<0.05) 

activating p38 and ERK, showing synergistic effects involving both BMP and MAPK pathways leaded 

to osteoblastic differentiation in MC3T3-E1 cells. All these findings demonstrated that natural extract 

enhanced the differentiation and mineralized nodule formation of bone-forming osteoblasts, 

developing several matrix proteins leading calcium deposition and bone formation; therefore, these 

data confirm an active role of the Equisetum arvense, Artemisia annua and Boswellia serrata-based 

formulation in stimulating osteoblastic activity. 

 
Figure 36. Molecular pathways involved on MC3T3-E1 cells differentiation. A: BMP2-4 densitometric analysis of the specific 

Western blot; B: ERK1-2 densitometric analysis of the specific Western blot; C: p38 densitometric analysis of the specific 

Western blot; E: Western blot lane of each parameters reported as an example. Data are mean ± SD of five independent 

experiments performed in triplicates. * p < 0.05 vs control;  **p < 0.05 single agents. 
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6.2.4. Equisetum arvense extract, Artemisia annua and Boswellia serrata Modulate RAW 264.7-

derived Osteoclast Differentiation 

Bone remodeling is regulated by the balance between osteoclasts (bone resorption) and osteoblasts 

(bone formation). Alterations in osteoclast differentiation are one of the major causes of skeletal 

diseases, such as osteoporosis; therefore, to evaluate the effect of Equisetum arvense, Boswellia serrata 

and Artemisia annua, alone and combined, on osteoclast differentiation after intestinal metabolism, 

RAW264.7-derived osteoclast were induced using differentiation media containing M-CSF and 

RANKL, and co-treatment with natural extract for 5 days. As reported in figure 37A-B, Equisetum 

arvense extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM did not affect the viability of 

cells (p<0.05 compared to control); notwithstanding, natural extract treatment inhibited TRAP activity 

during osteoclast differentiation compared to untreated cells (about -3.9%), decreasing the number of 

TRAP-stained multinucleated positive cells (p<0.05). The beneficial effects of Equisetum arvense, 

Boswellia serrata and Artemisia annua are amplified when the natural extracts are combined since, thanks 

to their synergistic effect, cell viability is slightly increased (p<0.05) confirming the absence of cell 

damage; at the same time macrophage differentiation into osteoclasts is inhibited after treatment more 

efficiently than single agents (about 2 times vs. Equisetum arvense extract 50µg/ml; about 2.15 times vs. 

Artemisia annua 2µM and about 2 times vs. Boswellia serrata 5µM; p<0.05). These results indicate that 

the new formulation prevents osteoclast differentiation by inhibiting the activity of TRAP. 

Subsequently, to define better the role of natural extract on osteoclastogenesis, additional experiments 

were performed analyzing the role of natural extracts on GSK-3β, a molecule highly expressed on 

osteoclast precursor which is inactivated by RANKL during osteoclast differentiation. To date, as 

reported in figure 37C-D, Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 

5µM were able to maintain active GSK-3β, reducing the possibility of RANKL binding to its receptor 

(p<0.05) and to induce RAW264.7 differentiation into osteoclast; in the same way, the combination of 

all agent tested improve GSK-3β expression (about 27% vs. Equisetum arvense extract 50µg/ml; about 

36% vs. Artemisia annua 2µM and about 44% vs. Boswellia serrata 5µM; p<0.05), inhibiting RANKL-

mediated osteoclastogenesis. All these findings confirmed the negative regulator activity of Equisetum 

arvense, Boswellia serrata and Artemisia annua to osteoclast differentiation. 
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Figure 37. The effect of the Equisetum arvense, Artemisia annua and Boswellia serrata, alone and combined, on RAW264.7-derived 

osteoclast. A: Cell viability analysis measured by MTT test; B: TRAP activity quantification using quantification kit; C and D: 

GSK-3β and RANKL densitometric analysis of the specific Western blot, which is reported as an example in E. Data are mean 

± SD of five independent experiments performed in triplicates. * p < 0.05 vs control;  **p < 0.05 single agents. 
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6.2.5. Osteoporosis condition co-culture  

Bone homeostasis depends on the synergistic activities of osteoclasts and osteoblasts, and any 

imbalance between bone formation and resorption may lead to a number of diseases, including 

osteoporosis. Osteoclast and osteoblast cells communicate with each other through RANKL/OPG 

pathway, since osteoclastogenesis is controlled by RANKL in a dose-dependent manner, while OPG 

reverses the effects of RANKL by acting as a decoy receptor. Therefore, given these premises, the effects 

of Equisetum arvense, Boswellia serrata and Artemisia annua, alone and combined, on bone homeostasis 

under the more closely physiological conditions of osteoporosis, were investigated using a co-culture 

system of preosteoblast MC3T3-E1 cells and RAW 264.7-derived osteoclast cells. The osteoporotic 

conditions were induced by pretreating MC3T3-E1 cells with 1µM of DEX for 3 days; consequently, 

the effects of natural extract treatment after intestinal passage on both osteoblast and osteoclast activity 

were examined. Firstly, RANKL/OPG ratio was analyzed after osteoporosis induction (figure 38), 

showing a strong and statistically significant upregulation (about 16%; p < 0.05) of RANKL with OPG 

downregulation in the co-culture compared to control (about 11.5%; p < 0.05). Conversely, treatment 

with Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM alone were able 

to revert this condition decreasing RANKL and, consequently, improving OPG activity (p<0.05). 

Encouraging results were shown when the natural extracts were combined, bringing RANKL/OPG 

ratio to levels almost comparable to the control (p<0.05), since OPG activity is largely increased (about 

31% vs. Equisetum arvense extract 50µg/ml; about 67% vs. Artemisia annua 2µM and about 50% vs. 

Boswellia serrata 5µM; p<0.05) by avoiding the ligand between RANKL and its receptor. 

These data allow to hypothesize that the new combination is able to maintain RANKL/OPG balance at 

the initial stage of osteoporosis.  

 
Figure 38. OPG/RANK axis on MC3T3/RAW 264.7-derived osteoclast co-culture. OPG and RANK activity were measured by 

ELISA test. Data are mean ± SD of five independent experiments performed in triplicates. * p < 0.05 vs control; **p < 0.05 vs. 

1µM of DEX and 𝜑 p < 0.05 vs. single agents. 
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Based on the results obtained, further experiments were performed in order to evaluate in the co-

culture model the beneficial effects of Equisetum arvense, Boswellia serrata and Artemisia annua, alone 

and combined, on osteoblast and osteoclast differentiations and activity. As reported in figure 39A-B, 

1µM DEX decreased ALP activity and mineralization process compared to untreated cells (p<0.05); 

conversely Equisetum arvense extract 50µg/ml, Artemisia annua 2µM and Boswellia serrata 5µM alone 

increased MC3T3-E1 differentiation and mineralization compared to control and, more evidently, to 

1µM DEX (p<0.05). As expected, higher ALP activity and improved mineralized nodules were 

observed with natural extract combination compared to 1µM DEX (p<0.05), confirming the previous 

result obtained about the beneficial effect of the new formulation in increasing osteoblast functions. 

Similarly, as shown in figure 39C-D, 1µM DEX promoted TRAP activity in the co-cultured system 

improving osteoclast resorption activity (p<0.05); in contrast, Equisetum arvense extract 50µg/ml, 

Artemisia annua 2µM and Boswellia serrata 5µM treatment did not affect osteoclast differentiation and 

activity (p<0.05). Although natural extract alone reduced the osteoclast differentiation in RAW 264.7-

derived osteoclast, their synergistic effect treating the co-culture system greatly reduced osteoclast 

maturation compared to single agents and, particularly, to 1µM DEX (about 61% vs. Equisetum arvense 

extract 50µg/ml; about 67% vs. Artemisia annua 2µM and about 55% vs. Boswellia serrata 5µM; p<0.05); 

accordingly, osteoclast resorptive activity was highly reduced compared to the single substances and, 

especially, compared to 1µM DEX (about 1.4 times vs. Equisetum arvense extract 50µg/ml; about 1.4 

times vs. Artemisia annua 2µM and about 1.5 times vs. Boswellia serrata 5µM; p<0.05), confirming a key 

role of this new combination in preventing the differentiation of osteoclastic progenitors. These results 

demonstrated that the homeostasis of bone remodeling is maintained by the balance of bone resorption 

and bone formation after treatment with Equisetum arvense, Boswellia serrata and Artemisia annua., 

speculating that the new combination could slow the onset of bone diseases such as osteoporosis. 
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Figure 39. The effects of Equisetum arvense, Artemisia annua and Boswellia serrata, alone and combined, on osteoblast and 

osteoclast differentiation and activity in the co-culture system. A: ALP activity quantification; B: mineralized nodules 

quantification; C: TRAP activity quantification using quantification kit; D: bone pit resorption activity measured by bone 

resorption assay plates. Data are mean ± SD of five independent experiments performed in triplicates. * p < 0.05 vs control; 

**p < 0.05 vs. 1µM of DEX and 𝜑 p < 0.05 vs. single agents. 
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7) NEW HYALURONIC ACID FROM PLANT ORIGIN TO IMPROVE 

JOINT PROTECTION—AN IN VITRO STUDY 

Research on prevention of joint protection is taken from the article entitled "New Hyaluronic Acid from 

Plant Origin to Improve Joint Protection—An In vitro Study” [165]. In recent decades, hyaluronic acid (HA) 

has attracted great attention as a new treatment option for osteoarthritis. Classical therapies are not able 

to stop the cartilage degeneration process, nor do they favor tissue repair. Nowadays, it is accepted that 

high molecular weight HA can reduce inflammation by promoting tissue regeneration; therefore, the 

aim of this study was to verify the efficacy of a new high molecular weight HA of plant origin in 

maintaining joint homeostasis and preventing the harmful processes of osteoarthritis. The 

bioavailability of vegetable HA extract was investigated in a 3D intestinal barrier model that mimics 

human oral intake while excluding damage to the intestinal barrier. Furthermore, the chemical 

significance and biological properties of HA from plant were investigated in conditions that simulate 

osteoarthritis. The data demonstrated that HA from plant crosses the intestinal barrier without side 

effects as it has a chemical–biological profile, which could be responsible for many specific chondrocyte 

functions. Furthermore, in the osteoarthritis model, HA from plant can modulate the molecular 

mechanism responsible for preventing and restoring the degradation of cartilage. According to the 

results, this new form of HA appears to be well absorbed and distributed to chondrocytes, preserving 

their biological activities. Therefore, the oral administration of GreenIuronic® in humans can be 

considered a valid strategy to obtain beneficial therapeutic effects during osteoarthritis. 

 

 

7.1 MATERIALS AND METHODS  

 

7.1.1. Agents Preparation 

GreenIuronic® was obtained from White Tremella (Silver Ear), which is a traditional foodstuff with 

medicinal applications in China [236]. The production process involves several steps necessary to obtain 

a final extract and includes a new technology based on patent N°WO2021/250566 from Vivatis Pharma 

GBHE, Grüner Deich 1–3, 20,097 Hamburg, Germany. Briefly, the process involves steps of extraction, 

purification, and refining by alcohol solution, sieving, and crushing. The resulting powder is then 

packed and tested for metals and stored [237]. In addition, sodium hyaluronate (Merck Life Science, 

Rome, Italy) was tested to verify the mechanism of action of GreenIuronic®. All these substances are 

prepared directly in water for HA determination or directly in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Merck Life Science, Rome, Italy) without phenol red and supplemented with 0.5% fetal bovine 

serum (FBS, Merck Life Science, Rome, Italy), 2 mM L-glutamine (Merck Life Science, Rome, Italy), and 

1% penicillin–streptomycin (Merck Life Science, Rome, Italy) for biological analysis. 

 

7.1.2. HPLC Analysis 

The determination of the HA was also confirmed by HPLC (Shimadzu, Kyoto, Japan) analysis according 

to the method reported in the literature [238]. Briefly, 20 μL of TRIS buffer (3.0 g TRIZMA base, 4.0 g 

sodium acetate trihydrate, 1.46 g sodium chloride, and 50 mg crystalline bovine serum albumin 

dissolved in 100 mL of 0.12 M HCl, pH 7.3 with 6 M HCl. All chemicals are purchased from Merck Life 
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Science, Rome, Italy), 30 μL of chondroitinase AC solution (Merck Life Science, Rome, Italy) (diluted to 

10 U/mL with water), and 20 μL of GreenIuronic® test solution (200 mg dissolved in 100 mL of water) 

were pipetted into a conical 1.5 mL vial. The vial was placed in a warm water bath at 37 °C for 3 h. After 

cooling at room temperature, the sample was diluted to 1 mL by adding 930 μL of mobile phase A 

(reagent purchased from Merck Life Science, Rome, Italy, and column from Phenomenex Srl, Bologna, 

Italy) and the mixture was analyzed by HPLC-UV and HPLC-HRMS systems. A control solution was 

prepared by replacing the enzyme aliquot with TRIS buffer. 

 

7.1.3. Colorimetric Determination of Hyaluronic Acid 

The assay performed to quantify the concentration of HA on material samples was the same reported 

in the literature [239.]. Briefly, 1 mg of raw sample was dissolved in 1 mL of deionized water, and 200 

µL of resuspended samples were displaced in new Eppendorf, diluted with 1.2 mL of sulfuric acid 

(Merck Life Science, Rome, Italy) with 0.0125 M tetraborate (Merck Life Science, Rome, Italy), shaken 

for 20 s and then boiled at 100 °C for 5 min. Once the samples were allowed to cool on ice, 20 µL of 

0.15% hydroxydiphenyl (Merck Life Science, Rome, Italy) (dissolved in 0.5% NaOH, Merck Life Science, 

Rome, Italy) was added and stirred; 100 µL of each sample was placed in a 96 multi-well plate and the 

absorbance was measured at 340 nm by a spectrophotometer (Infinite 200 Pro MPlex, Tecan, 

Männedorf, Switzerland). The data obtained were compared to a calibration curve generated using 

glucuronic acid (0, 0.25, 0.5, 1, 1.5, 2 mg/mL Merck Life Science, Rome, Italy) [240] and the results were 

expressed as mean (%w/w) ± SD compared to control (0 line). 

 

7.1.4. Molecular Weight Determination 

The determination of the molecular weight of HA before exploring its biological effects was carried out 

using 1% agarose gel, following the method reported in the literature [241]. Briefly, 0.3 g agarose (Merck 

Life Science, Rome, Italy) was dissolved in 30 mL of Tris-acetate-EDTA (TAE) buffer (48.5 g tris base, 

11.4 mL acetic acid, and 0.5 M EDTA pH 8, all substances were purchased from Merck Life Science, 

Rome, Italy) and the solution was heated for 30 s in a microwave at high power. The gel was poured 

into the holder and allowed to solidify before performing a pre-run at 100 V for 45 min, using the Mini-

Sub Cell GT System (Bio-Rad, Hercules, CA, USA). In the meantime, samples were prepared by 

dissolving 200 µg of raw samples in 16 µL of TAE buffer 1×. Before running the gel, 4 µL of loading 

buffer (0.2% Bromophenol Blue, 1 mL of TAE 1×, and 8.5 mL of glycerol, which were purchased from 

Merck Life Science, Rome, Italy) was added to each sample and to the molecular weights (mixture of 5 

µL of Select-HA HiLadder and 5 µL Select-HA Mega Ladder, Echelon Biosciences, Tebu-Bio Srl, 

Magenta, Italy). The samples were run at 100 V until the samples reached 1 cm from the end of the gel. 

Then, the gel was hydrated in H2O for 24 h at room temperature in agitation and then the gel was placed 

in 30% ethanol with 0.015% Stains All dye (Merck Life Science, Rome, Italy) for 24 h in the dark. The gel 

was decolored for 30 min in H2O in the dark before proceeding with image acquisition using 

ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA). The image obtained was analyzed 

by Image Lab 3.0 software (Bio-Rad Hercules, CA, USA). 
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7.1.5. Cell Culture 

The human epithelial intestinal cells, CaCo-2, purchased from the American Type Culture Collection 

(ATCC), were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM-F12, 

Merck Life Science, Rome, Italy) containing 10% FBS (Merck Life Science, Rome, Italy), 2 mM L-

glutamine and 1% penicillin–streptomycin (Merck Life Science, Rome, Italy) maintaining in an 

incubator at 37 °C and 5% CO2 [170]. The cells used for the experiments were at passage numbers 

between 26 and 32 in order to preserve the integrative paracellular permeability and transport 

properties [175] maintaining the similarity to the intestinal absorption mechanism following oral intake 

in humans. The cells were plated in a different manner to perform several experiments including 1 × 

104 cells in 96 well plates to study cell viability by MTT-based In vitro Toxicology Assay Kit (Merck Life 

Science, Rome, Italy) and ROS production using cytochrome C (Merck Life Science, Rome, Italy) in a 

complete medium. Eight hours before the stimulation the cells were incubated with DMEM without 

red phenol and supplemented with 0.5% FBS (Merck Life Science, Rome, Italy), 2 mM L-glutamine, and 

1% penicillin–streptomycin (both from Merck Life Science, Rome, Italy) at 37 °C to synchronize them. 

In addition, 2 × 104 cells were plated on 6.5 mm Transwell® (Corning® Costar®, Merck Life Science, 

Rome, Italy) with a 0.4 μm pore polycarbonate membrane insert (Corning® Costar®, Merck Life 

Science, Rome, Italy) in a 24 well plate to perform the absorption analyses [166]. Cells plated on the 

Transwell® insert were maintained in a complete medium, which was changed every other day on the 

basolateral and apical sides for 21 days before the simulations [149]. Before the stimulation, on the apical 

side, the medium was brought to pH 6.5 as the pH in the lumen of the small intestine, while the pH 7.4 

on the basolateral side represented blood [242]. This in vitro model is widely used [166, 171] and 

accepted by European Medicines Agency (EMA) and FDA to predict the absorption, metabolism, and 

bioavailability of several substances after oral intake in humans [172,173]. 

 

The immortalized human juvenile costal chondrocyte cell line T/C-28a2 (purchased from Merck Life 

Science, Rome, Italy) was cultured in DMEM-F12 medium supplemented with 10% FBS (Merck Life 

Science, Rome, Italy), 2 mM L-glutamine (Merck Life Science, Rome, Italy), and antibiotics (50 UI/mL 

penicillin and 50 μg/mL streptomycin, Merck Life Science, Rome, Italy)) and maintained in an incubator 

at 5% CO2 and 95% humidity [243]. This cell line is representative and the most commonly used cells 

for mimicking joints [244] and they were used between passages 3 and 10 245]. For the experiments 1 × 

104 cells were seeded in 96 well plates to study cell viability by MTT-based In vitro Toxicology Assay 

Kit (Merck Life Science, Rome, Italy), ROS production using cytochrome C (Merck Life Science, Rome, 

Italy), and Crystal Violet (Merck Life Science, Rome, Italy) in a complete medium; additionally, 1 × 106 

cells were plated on a 6-well to determine HA concentration, using quantification kit, and to analyze 

molecular pathways by Western-blot analysis or ELISA kit. 

 

7.1.6. Experimental Protocol 

In order to analyze the beneficial effects of hyaluronic acid on articular joints in humans after oral intake, 

the experiments were divided into two steps; the aim of the first one was to verify the ability of HA to 

cross the intestinal barrier in vitro model excluding negative effects, and of the second one was to check 

the direct effects on chondrocytes analyzing several parameters and mechanism of actions. For this 
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reason, in intestinal CaCo-2 cells, a dose–response study ranging from 0.125 to 1 μg/μL [246] was 

performed to assess the concentration able to exert beneficial effects on cell viability and ROS 

production. Subsequently, the best concentration of GreenIuronic® and hyaluronic acid salt were tested 

on an intestinal in vitro barrier model to verify intestinal integrity through TEER measurement, tight 

junction analysis by ELISA kit, and permeability assay by Papp measurement, also analyzing the total 

amount of hyaluronic acid that had crossed the intestinal barrier. For all these experiments, cells were 

treated in a time-dependent manner from 2 to 6 h, as reported in the literature [170]. In addition, after 

each stimulation, the basolateral medium was collected to be used on chondrocytes cells. T/C-28a2, a 

chondrocyte cell line widely used to study articular joints, was treated for 3 days [247] and, at the end 

of stimulation, the mitochondrial metabolism, cell proliferation, ROS production, and hyaluronic acid 

quantification were tested. Finally, in order to mimic OA conditions, further experiments were 

performed pre-treating T/C-28a2 with 10 µg/mL of LPS (Merck Life Science, Rome, Italy) for 24 h [248], 

and then stimulating with GreenIuronic® and sodium hyaluronate for 3 days to evaluate if they are 

able to restore the damage. In these conditions, the survival mechanisms and articular recovery were 

investigated. 

 

7.1.7. Cell Viability 

The analysis of cell viability was performed using a classical technique based on the MTT-based In vitro 

Toxicology Assay Kit (Merck Life Science, Rome, Italy) [196], following the manufacturer’s instructions. 

Indeed, at the end of stimulation, the cells were incubated with 1% MTT dye for 2 h in an incubator at 

37 °C, 5% CO2, and 95% humidity, and then the purple formazan crystals were dissolved in an equal 

volume of MTT Solubilization Solution. The absorbance was analyzed by spectrophotometer (Infinite 

200 Pro MPlex, Tecan, Männedorf, Switzerland) at 570 nm with correction at 690 nm, and results were 

expressed compared to the control (0% line), which represented untreated cells. The results reported an 

increase in the percentage of viable cells compared to the control and indicated a higher number of 

viable cells plus the control. This strategy can lead to a high level of safety of the stimulation and, 

consequently, to a correct analysis of the results. 

 

7.1.8. In vitro Intestinal Barrier Model 

An intestinal barrier model, using CaCo-2 cells, was performed to analyze the passage through the 

intestinal barrier of GreenIuronic® and sodium hyaluronate, having, as a final destination, the 

chondrocyte where they could exert their beneficial effects. For this reason, the TEER values were 

determined with EVOM3, coupled with STX2 chopstick electrodes (World Precision Instruments, 

Sarasota, FL, USA); this assay was carried out every 2 days for 21 days until reaching a TEER value ≥ 

400 Ωcm2 before the stimulation [170], the time required for the cell monolayer formation, for cell 

differentiation, and for the exposition of the intestinal villi. On day 21, the medium at the apical and 

basolateral environments was changed to create different pH conditions: pH around 6.5 at the apical 

level (acidic pH mimicking lumen of small intestine) and pH around 7.4 at the basolateral level (neutral 

pH mimicking human blood) [149]. The cells were kept for 15 min at 37 °C and 5% CO2, after that, the 

TEER values were measured again before the start of the experiment to verify the stabilization of the 

values. The cells were stimulated with GreenIuronic® and sodium hyaluronate for 2 h to 6 h before the 

successive analysis, including the permeability assay measured by Papp analysis [170].  



 115 

 

Briefly, the Papp (cm/s) was calculated with the following formula [170,149]: 

 

Papp = dQ/dt ⇥ 1/m0 ⇥ 1/A ⇥ V Donor 

dQ: amount of substance transported (nmol or μg); 

dt: incubation time (sec); 

m0: amount of substrate applied to donor compartment (nmol or μg); 

A: surface area of Transwell membrane (cm2); 

VDonor: volume of the donor compartment (cm3). 

Negative controls without cells were tested to exclude Transwell membrane influence. 

 

7.1.9. Occludin Quantification Assay 

The Human Occludin ELISA kit (OCLN kit, MyBiosource, San Diego, CA, USA) analyzed the occludin 

presence in CaCo-2 cell lysates, according to the manufacturer’s instruction [170]. Briefly, CaCo-2 cells 

were lysed with cold Phosphate-Buffered Saline (PBS, Merck Life Science, Rome, Italy) 1×, centrifuged 

at 1500× g for 10 min at 4 °C, and 100 μL of each sample was transferred to the strip well before the 

incubation at 37 °C for 90 min. The supernatants were removed, and the strips were incubated with 100 

μL of Detection Solution A for 45 min at 37 °C; then, the strips were washed with Wash Solution and 

incubated with 100 μL of Detection Solution B for an additional 45 min. At the end of this time, 90 μL 

of Substrate Solution was added followed by an incubation for 20 min at 37 °C in the dark, and then 50 

μL of Stop Solution was used to block the enzymatic reaction. The plate was analyzed by a 

spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) at 450 nm. The 

concentration is expressed as pg/mL compared to a standard curve (range from 0 to 1500 pg/mL) and 

the results are expressed as percentage (%) versus control (0 line). 

 

7.1.10. Claudin 1 Detection 

The Human Claudin1 was measured in CaCo-2 lysates by ELISA kit (Cusabio Technology LLC, Huston, 

TX, USA), following the manufacturer’s instructions [170]. Briefly, the cells were lysed with cold PBS 

1× (Merck Life Science, Rome, Italy) and centrifuged at 1500× g for 10 min at 4 °C. Then, 100 μL of each 

sample was added to the ELISA plate and incubated at 37 °C for 2 h; after which, the plate was washed 

and 100 μL of Biotin-antibody was added to the wells and incubated for 1 h at 37 °C. After this time, 

the wells were washed and 100 μL of HRP-avidin were added in each well, and the samples were 

incubated for 1 h at 37 °C. Then, 90 μL of TMB Substrate was also added to the samples and the plate 

was incubated for 20 min at 37 °C protected from light. At the end, 50 μL of Stop Solution was used to 

stop the reaction and the plate was analyzed by a spectrophotometer (Infinite 200 Pro MPlex, Tecan, 

Männedorf, Switzerland) at 450 nm. The concentration was expressed as pg/mL, comparing data to the 

standard curve (range from 0 to 1000 pg/mL), and the results were expressed as percentage (%) versus 

control (0 line). 

 

7.1.11. ZO-1 Detection 

The Human Tight Junction Protein 1 ELISA kit (MyBiosource, San Diego, CA, USA) was measured in 

CaCo-2, following the manufacturer’s instructions [170]. Briefly, the cells were rinsed with ice-cold PBS 
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1× (Merck Life Science, Rome, Italy) and processed with two freeze-thaw cycles; then, cell lysates were 

centrifuged for 5 min at 5000× g at 4 °C. After which, 100 µL of each sample were collected and incubated 

on the ELISA plate at 37 °C for 90 min; after washing, 100 μL of Detection Solution A was added to each 

well and incubated for 45 min at 37 °C. The wells were washed and 100 μL Detection Solution B was 

added to the samples. After an incubation of 45 min, the wells were washed again and 90 μL of Substrate 

Solution was added to each well, and then the samples were incubated for 20 min at 37 °C in the dark. 

Finally, 50 μL of Stop Solution was added and then the plates were read by a spectrophotometer 

(Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) at 450 nm. The concentration was expressed 

as pg/mL, comparing data to standard curve (range from 0 to 1000 pg/mL), and the results were 

expressed as percentage (%) versus control (0 line). 

 

7.1.12. Crystal Violet Staining 

At the end of stimulation time, the cells were fixed with 1% glutaraldehyde (Merck Life Science, Rome, 

Italy) for 15 min at room temperature, washed, and stained with 100 µL 0.1% aqueous crystal violet 

(Merck Life Science, Rome, Italy) for 20 min at room temperature and solubilized with 100 µL 10% acetic 

acid before reading the absorbance at 595 nm using a spectrophotometer (Infinite 200 Pro MPlex, Tecan, 

Männedorf, Switzerland). The estimated number was determined by comparing data to the control cells 

normalized to T0 (measurement at the beginning of the stimulation) [203]. The results were expressed 

as percentage (%) versus control (0 line). 

 

7.1.13. ROS Production 

The quantification of superoxide anion release was obtained following a standard protocol based on 

the reduction in cytochrome C [203], and the absorbance in culture supernatants was measured at 550 

nm using the spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland). The O2 rate 

was expressed as the mean ± SD (%) of nanomoles per reduced cytochrome C per microgram of protein 

compared to the control (0 line) [203]. 

 

7.1.14. Quantification of Hyaluronic Acid in Cell Culture 

At the end of stimulations, both cell types were lysed with 100 µL of cold PBS1× to measure the total 

HA following the instructions of the Hyaluronic Acid ELISA Kit (ClueClone). Briefly, 50 µL of sample 

and reagent A were added to each well and after gently shaking the plate was incubated for 1 h at 37 

°C. At the end, the wells were washed three times and 100 µL of reagent B was added before incubating 

the plate for 30 min at 37 °C, then 90 µL of substrate solution was added before incubating the plate for 

20 min at 37 °C. At the end, 50 µL of stop solution was added immediately before reading at 450 nm by 

a spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) [249,250]. The results 

were expressed as means ± SD (%) versus control (0 line). 

 

7.1.15. ERK/MAPK Activity 

The analysis of ERK/MAPK activity was performed using the InstantOneTM ELISA (Thermo Fisher, 

Milan, Italy) on chondrocytes lysates [141]. Briefly, 50 μL of lysate samples prepared in Lysis Buffer 

were tested in ELISA microplate strips after the incubation for 1 h at room temperature in a microplate 

shaker pre-coated with the antibody cocktail. After that, the strips were incubated with the detection 
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reagent for 20 min before stopping the reaction with a stop solution. The absorbance was measured by 

a spectrophotometer at 450 nm (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) and the results 

were expressed as means ± SD (%) versus control (0 line). 

 

7.1.16. OPG Activity 

The OPG/TNFRSF11B Duo Set (R&D Systems, Minneapolis, MN, USA) was applied according to the 

manufacturer’s instructions to verify the OPG involvement [251]. Briefly, 100 μL of samples or 

standards were added to the well and incubated for 2 h at room temperature protected from light and, 

after washing, 100 μL of the Detection Antibody was added to each well and incubated as previously 

described. After 2 h, 100 μL of the working dilution of Streptavidin-HRP A was added to each well and 

incubated for 20 min at room temperature. At the end of the time, 100 μL of Substrate Solution was 

added to each well, incubated for 20 min at room temperature, and then 50 μL of Stop Solution was 

used to stop the enzymatic reaction. The absorbance of each well was measured at 450 nm by a 

spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) and the results were 

interpolated with the standard curve (6.25 to 625 pg/mL) and the results were expressed as means ± SD 

(%) compared to control (0 line). 

 

7.1.17. NFKB Analysis 

The NF-kB (p65) Transcriptional factor Assay kit was carried out to analyze the NF-κB DNA binding 

activity, following the manufacturer’s instruction (Cayman Chemical Company, Ann Arbor, MI, USA) 

[162]. The concentration was calculated by comparing results to the standard curve (generated by NF-

kB (p65) Transcriptional factor positive control (ranging from 0 to 10 µL/well according to differently 

scaled dilutions) and reported as means ± SD (%) compared to control (0 line). 

 

7.1.18. BAX Assay 

BAX activity was determined in chondrocyte lysates using an ELISA kit (Human Bax ELISA Kit, 

MyBiosource, San Diego, CA, USA) according to the manufacturer’s instructions [252]. The absorbance 

of the samples was measured at 450 nm by a spectrophotometer (Infinite 200 Pro MPlex, Tecan, 

Männedorf, Switzerland) and the results were compared to the standard curve (range from 0 to 2000 

pg/mL) and expressed as means ± SD (%) normalized to control value (0 line). 

 

7.1.19. Caspase 9 Assay 

The Caspase 9 activity was investigated in chondrocytes lysates by ELISA kit (Caspase 9 Human ELISA 

Kit, Thermoscientific, Waltham, MA, USA), according to the manufacturer’s instructions, reading the 

sample’s absorbance at 450 nm with a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf, 

Switzerland). The data were obtained by comparison to a standard curve (ranging from 1.6 to 100 

ng/mL), and the results were expressed as means ± SD (%) compared to control value (0 line) [253]. 

 

7.1.20. Western-Blot Analysis 

At the end of each stimulation, chondrocytes were washed with ice-cold PBS 1× (Merck Life Science, 

Rome, Italy), and lysed using Complete Tablet Buffer (Roche, Basel, Switzerland) supplemented with 2 

mM sodium orthovanadate (Na3VO4), 1 mM phenylmethanesulfonyl fluoride (PMSF) (Merck Life 
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Science, Rome, Italy), 1:50 mix Phosphatase Inhibitor Cocktail (Merck Life Science, Rome, Italy), and 

1:200 mix Protease Inhibitor Cocktail (Merck Life Science, Rome, Italy) to obtain a total protein extract 

that was centrifuged at 14,000× g for 20 min at 4 °C. Then, 35 μg of proteins for each extract was resolved 

on 8% and 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane, which 

was incubated overnight with the specific primary antibodies such as Cyclin D1 (1:500, Santa Cruz, CA, 

USA) and CD44 (1:500, Santa Cruz, CA, USA). All protein expressions were normalized and verified 

through β-actin detection (1:5000, Merck Life Science, Rome, Italy), and expressed as mean ± SD (%) 

compared to control value (0 line). 

 

7.1.21. Statistical Analysis 

Data obtained from each experimental protocol and assay were collected and analyzed using GraphPad 

Prism 7 statistical software through mixed variance analysis. In particular, for all growth curves, bar 

graphs, and line graphs, five independent experiments were performed in triplicates and included in 

the statistical analysis. All time points in growth curves were presented as the mean of the three 

biological replicates with mean errors < 5%. The two-tailed Student’s t-test was followed by Welch’s t 

test to analyze two groups. Multiple comparisons between groups were analyzed by two-way ANOVA 

followed by a two-tailed Dunnett post hoc test. Error bars in the bar charts and line charts represent the 

standard deviation. For TEER analyses, one-way ANOVA followed by Bonferroni post hoc tests was 

performed to see if the means were significantly different between groups. All results were expressed 

as mean ± SD of at least 5 independent experiments performed in triplicates. Differences with a p value 

< 0.05 were considered statistically significant. Data normality was assessed with the Kolmogorov–

Smirnov test. 

 

 

7.2 RESULTS 
 

7.2.1. Characterization of GreenIuronic® 

High-Performance Liquid Chromatography analysis of GreenIuronic® (Figure 40) revealed the 

presence of HA, which was detected as the corresponding disaccharide ΔDi-HA generated by 

chondroitinase AC enzymatic hydrolysis of the Tremella extract. The identity of this disaccharide was 

established by comparison with the ΔDi-HA reference standard and by the protonated and sodiate 

positive ions detected in its mass spectrum. Moreover, the same analysis also revealed the absence of 

chondroitin 4 and 6 mono-sulfates, which eluted at 6.25 and 5.35 min, respectively. However, because 

of the absence of sulfate group in the disaccharide chondroitin 0 sulfate (ΔD-0S), arising from 

chondroitine hydrolysis, the HPLC method, based on ion-pair retention, did not allow the separation 

between the disaccharides ΔDi-HA and ΔD-0S: indeed, they eluted at 2.25 min. 
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Figure 40. HPLC-UV and high-resolution mass spectrometry (HRMS) analysis of GreenIuronic® after enzymatic hydrolysis 

with chondroitinase AC. In (A,B) HPLC-UV chromatogram of GreenIuronic® sample and its positive HRMS spectrum. In 

(C,D) HPLC-UV chromatograms of a mixture of chondroitin disaccharides standard ΔDi-0S, ΔDi-4S, and ΔDi-6S and a solution 

of the disaccharide standard ΔDi-HA of HA. 

 

Moreover, since HPLC-UV analysis revealed a possible high concentration of HA in GreenIuronic® 

samples, additional experiments were carried out to quantify the content of glucuronic acid in 

GreenIuronic® and in sodium hyaluronate samples. As reported in Table 4, the content of glucuronic 

acid in GreenIuronic® is about 90%, which is higher than that of sodium hyaluronate (about 62%). These 

data support what was observed in previous experiments in HPLC (reported above) about the purity 

of the GreenIuronic® material. 

 

Raw Material Mean (%w/w) ± SD 

Sodium Hyaluronate 62.5 ± 2.121 

GreenIuronic® 90.5 ± 6.364 

Table 4. Quantification of HA. The % w/w of all HA forms normalized on standard curves generated using glucuronic acid 

standard (ranging from 0 to 2 mg/mL) analyzed at 340 nm by spectrophotometry (Infinite 200 Pro MPlex, Tecan). Data are 

expressed as means ± standard deviation (SD) (%) of five independent experiments performed in triplicates. 

 

Finally, for the analysis of GreenIuronic® size distribution, agarose gel electrophoresis was used to 

define a range of the molecular weight. Agarose gel retards the electrophoretic mobility of HA 

molecules in a molecular weight-dependent manner indicating that GreenIuronic® may be considered 

the HMWHA (>1650 kDa), as can be seen in Figure 41. On the contrary, sodium hyaluronate was 

confirmed to have the lower molecular weight HA (LMWHA) (between 300 and 500 kDa). These results 

indicate that GreenIuronic® molecular weight is higher than that of sodium hyaluronate and further 
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experiments were performed in order to confirm the hypothesis that HMWHA exerts more beneficial 

effects compared to those of LMWHA. 

Figure 41. In the figure an example of HA molecular weight determination on 1% Agarose gel. The sample loads are described 

as follows by the abbreviations: MW = standard molecular weight Mega + HiLadder specific for HA detection; L1 = lane empty 

loaded with 10 µL TAE buffer; L2 = lane loaded with 100 µg/10 µL Sodium Hyaluronate; L3 = lane empty loaded with 10 µL 

TAE buffer; L4 = lane loaded with 100 µg/10 µL GreenIuronic®; L5 = lane empty loaded with 10 µL TAE buffer. 

 

7.2.2. Dose–Response and Time-Course Study of GreenIuronic® on CaCo-2 Cells 

Before studying the permeability and transport of GreenIuronic®, the human immortalized colorectal 

adenocarcinoma (CaCo-2) cell line was used to perform a dose–response study to exclude any cytotoxic 

effects. The analysis was performed comparing the effects of GreenIuronic® to sodium hyaluronate, 

testing them at the same concentration (ranging from 0.125 to 1 μg/μL) on cell viability and ROS 

production in CaCo-2 cells in a time-course study (from 2 to 6 h). The cell viability of the CaCo-2 cells, 

measured by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, showed time 

and concentration-dependent effects of both substances (Figure 42A), and the beneficial effects 

compared to control (p < 0.05) were maintained during all periods of stimulation excluding any 

cytotoxic effect at all dosage tested. In particular, the cells treated with GreenIuronic® 1 µg/µL showed 

high variability compared to control (p < 0.05) and compared to other concentrations tested (p < 0.05) 

suggesting that GreenIuronic® 1 µg/µL is non-toxic to intestinal epithelial cells exhibiting the best 

profile also compared to sodium hyaluronate at the same concentration and time (p < 0.05). Additional 

experiments were carried out in order to confirm the safety of GreenIuronic® on intestinal epithelium 

analyzing if the substances tested could induce oxidative stress. For this reason, ROS production was 

evaluated on CaCo-2 cells from 2 to 6 h of stimulations with both GreenIuronic® and sodium 

hyaluronate. As shown in Figure 42B, none of the concentrations tested was able to increase the ROS 

production maintaining them at normal physiological conditions. GreenIuronic® 1 µg/µL maintains a 
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low ROS level during all periods analyzed better than the other concentrations tested and all sodium 

hyaluronate concentrations, and it was maintained for all further experiments. 

 
Figure 42. Cell viability and ROS production on CaCo-2 cells. In panel (A,B) dose–response study on cell viability measured 

by MTT test of both GreenIuronic® and Sodium Hyaluronate from 2 to 6 h. In panel (C,D) ROS production of both 

GreenIuronic® and Sodium Hyaluronate measured by reduction in cytochrome C from 2 to 6 h. Data are mean ± SD of five 

independent experiments performed in triplicates vs. control values (0% line). 

 

7.2.3. Permeability Analysis of GreenIuronic® Using an In vitro Model of Intestinal Barrier 

To assess permeability, and to obtain additional information about the GreenIuronic® intestinal 

absorption, further experiments were carried out performing a 3D in vitro model in order to mimic the 

in vivo complexity of the intestinal barrier. In this context, 1 µg/µL GreenIuronic® and 1 µg/µL sodium 

hyaluronate were tested from 2 to 6 h in order to measure transepithelial electrical resistance (TEER) 

values, the apparent permeability coefficient (Papp) values, and the HA concentration to predict their 

bioavailability. The data obtained show that intestinal adsorption has a physiological trend as can be 

observed from the analysis of TEER and tight junction (TJ). In particular, the passage through the 

intestinal epithelium demonstrates that both sodium hyaluronate and GreenIuronic® were able to 

maintain the epithelial integrity increasing the ionic flux of the paracellular exchanges across the 

intestinal epithelial compared to control (p < 0.0001). Indeed, GreenIuronic® demonstrates a better 

effect compared to sodium hyaluronate during all times of the stimulation (p < 0.0001), as reported in 

Figure 43A. Afterwards, also the evaluation of TJ confirmed these results; indeed, GreenIuronic® 

exerted the greatest effects on occludin (p = 0.0286, about 31%, Figure 43B), claudin-1 (p = 0.0299, about 

37%, Figure 43C), and zonula occludens-1 (ZO-1) (p = 0.0299, about 50%, Figure 43D) compared to 

sodium hyaluronate and compared to control value (reported as 0 line, p < 0.05). From these 

encouraging results, which confirmed the correct functioning of the intestinal epithelium, further 

experiments were carried out measuring the permeability rate, analyzing the flux of non-electrolyte 



 122 

tracers (expressed as permeability coefficient as reported) and how much HA has crossed the intestinal 

barrier to reach the target site. Data obtained from the analysis of the basolateral environment (Figure 

43E) confirmed our previous findings since the amount of GreenIuronic® was higher compared to 

sodium hyaluronate (p < 0.05) with a maximum effect at 4 h compared to sodium hyaluronate (about 

20%, p < 0.013). In addition, the data obtained from the quantification of the basolateral level (Figure 

43F) supported the hypothesis about the importance of predicting human absorption; GreenIuronic® 

has a higher amount of HA that crosses the barrier and reaches the plasma level compared to control 

(p < 0.0001) and compared to sodium hyaluronate (about 30%, p < 0.0001) with the greatest effects 

between 4 and 5 h. 

Figure 43. Permeability study on CaCo-2 cells. In (A) TEER Value using EVOM3; from (B–D) the analysis of TJ measured by 

Enzyme-Linked Immunosorbent Assay (ELISA) test (Occludin, Claudin1, and ZO-1, respectively); in (E) the Papp values in 

which data < 0.2 × 10−6 cm/s mean very poor absorption with a bioavailability < 1%, data between 0.2 × 10−6 and 2 × 10−6 cm/s 

with bioavailability between 1 and 90%, and data > 2 × 10−6 cm/s mean very good absorption with a bioavailability over 90%. 

In (F) HA quantification measured by ELISA kit. Data are mean ± SD of five independent experiments performed in triplicates. 

From (B–D) means± SD are expressed comparing data to control value (0% line) and * p < 0.05 vs. control; # p < 0.05 vs. Sodium 

Hyaluronate 1 µg/µL. On the contrary, in (A,E,F) the control samples are specifically reported and both GreenIuronic® and 

sodium hyaluronate are p < 0.0001 vs. control; # p < 0.05 vs. Sodium Hyaluronate 1 µg/µL. 
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7.2.4. Effects of GreenIuronic® Crossed Intestinal Barrier on Chondrocytes  

Since the exogenous hyaluronic acid administered into articular cartilage has a direct biological effect 

on chondrocytes, several experiments were carried out to explore the effect of GreenIuronic®, 

compared to sodium hyaluronate, on chondrocytes after intestinal absorption in terms of mitochondrial 

metabolism and cell proliferation. As expected (Figure 44A), both 1 µg/µL GreenIuronic® and sodium 

hyaluronate were able to improve cell viability compared to control (p < 0.05); in particular, 

GreenIuronic® induces the main effect on cell viability (about 50%, p < 0.05) compared to sodium 

hyaluronate reducing ROS production (about 38% p < 0.05), as reported in Figure 44B. Furthermore, as 

reported in Figure 44C, GreenIuronic® induces an improvement in cell proliferation compared to 

control (p < 0.05), and compared to sodium hyaluronate, by about 60%, indicating that GreenIuronic® 

is able to stimulate the proliferative activity of chondrocytes. Since the importance of the activity on cell 

proliferation includes the ability to modulate joint production of HA in cells, the HA quantification in 

chondrocytes (Figure 44D) revealed that a large amount of HA present in GreenIuronic® and sodium 

hyaluronate was captured by chondrocytes after intestinal passage compared to the control (p < 0.05). 

In particular, approximately 75% of HA was induced by GreenIuronic® compared to sodium 

hyaluronate (p < 0.05) in chondrocytes, confirming that HMWHA is better utilized by chondrocytes. 

Figure 44. Analysis of GreenIuronic® and Sodium Hyaluronate on human chondrocyte (T/C-28a2) cells functions. In (A) the 

mitochondrial metabolism tested by MTT test; in (B) the ROS production; in (C) the proliferation analysis by crystal violet 

assay; and in (D) the HA quantification by ELISA kit. Data are expressed as mean ± SD compared to control (0% line) of five 

independent experiments performed in triplicates. * p < 0.05 vs. control; # p < 0.05 vs. Sodium Hyaluronate 1 µg/µL. 
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7.2.5. Effects of HA Crossed Intestinal Barrier on Chondrocytes under OA Condition  

From the data obtained under physiological conditions, it can be assumed that GreenIuronic® is also 

effective after oral administration and is an important starting point for determining the success of 

therapy in joint damage, such as OA. Oxidative stress and inflammation are known to be involved in 

cartilage degeneration of OA and it is similarly approved that the degree of anti-inflammatory, 

immunomodulatory, analgesic, and anti-OA effects of HA is determined by MW and route of 

administration. Based on these results, in the last phase, the in vitro study was conducted by analyzing 

the effects of both 1 µg/µL of GreenIuronic® and sodium hyaluronate on T/C-28a2 cells pretreated with 

10 µg/mL of lipopolysaccharide (LPS) for 24 h in order to simulate the condition of OA. The effects of 

chondrocyte metabolism were shown in Figure 45 where the beneficial effects of GreenIuronic® can be 

observed. Specifically, chondrocytes treated only with 10 µg/mL of LPS significantly reduced cell 

viability (panel 45A, about 10%) and improved ROS production (panel 6B about 23%) compared to 

control (p < 0.05) but this effect was significantly reduced by the presence of both agents. In particular, 

GreenIuronic® was able to counteract these negative effects caused by LPS alone (p < 0.05) better than 

sodium hyaluronate (about 47% on cell viability and two times on ROS production, respectively, p < 

0.05). These data were also confirmed by nuclear factor kappa B (NFkB) analysis (Figure 45C) in which 

the beneficial potential of GreenIuronic® against inflammation, a key point in the mechanisms involved 

during OA processes, was observed. Indeed, the cells treated with only 10 µg/mL of LPS increased 

inflammatory processes compared to control (about 18%, p < 0.05) assuming the beginning of chronic 

processes leading to cell death, and this situation was reversed following stimulation with both HA 

agents. In particular, 1 µg/µL GreenIuronic® was able to reduce the negative effect produced by LPS 

(about 1.25 times more) better than sodium hyaluronate (about 50%, p < 0.05). This recovery mechanism 

was confirmed also by proliferation assay (panel 45D) in which T/C-28a2 cells lost their proliferative 

properties when treated only with 10 µg/mL of LPS (p < 0.05 compared to control). On the contrary, 

both 1 µg/µL GreenIuronic® and sodium hyaluronate counteract this negative effect compared to 

control (p < 0.05), but GreenIuronic® was able to restore the damage by about 62% compared to sodium 

hyaluronate (p < 0.05), supporting its use during OA injuries. Finally, this recovery mechanism was also 

confirmed by the analysis of HA, which showed that under OA conditions, GreenIuronic® is able to 

improve a much higher amount of HA released in stressed chondrocytes than sodium hyaluronate at 

the same concentration, approximately by about 21% (p < 0.05). 
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Figure 45. GreenIuronic® and Sodium Hyaluronate effects on T/C-28a2 cells during OA conditions. In (A) mitochondrial 

metabolism tested by MTT test; in (B) ROS production; in (C) NFkB analysis by ELISA test; in (D) proliferation analysis by 

crystal violet; and in (E) HA quantification by ELISA kit. Data are mean ± SD of five independent experiments performed in 

triplicates expressed as a percentage compared to control (0% line). * p < 0.05 vs. control; y p < 0.05 vs. 10 µg/mL of LPS; # p < 

0.05 vs. Sodium Hyaluronate 1 µg/µL. 

 

In order to demonstrate that LPS is able to reproduce the OA condition in vitro leading to chondrocyte 

death, additional experiments were carried out to explore the involvement of the apoptosis process. As 

reported in Figure 46, several markers related to apoptotic processes were evaluated in response to 10 

µg/mL of LPS and to both 1 µg/mL GreenIuronic® and sodium hyaluronate. In particular, the 

stimulation with 10 µg/mL of LPS treatment on T/C-28a2 cells enhanced BAX and Caspase 9 activities 

(Figure 46A,B), about 22% and 18% compared to control (p < 0.05), indicating a dramatic improvement 

of the apoptosis process supporting the chondrocyte death during OA. Contemporary, the stimulation 

with both 1 µg/µL GreenIuronic® and sodium hyaluronate added after 10 µg/mL of LPS caused a 
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statistically significant reduction in both these markers. In particular, GreenIuronic® exerted the main 

effects compared to sodium hyaluronate on Bax (about 2 times less, p < 0.05) and Caspase-9 activities 

(about 1.5 times less, p < 0.05), suggesting that GreenIuronic® contributes to cell protection. These data 

were also confirmed by the activation of risk pathways such as mitogen-activated protein 

kinases/extracellular signal-regulated kinase (ERK/MAPK) activity (Figure 46C), which demonstrated 

that GreenIuronic® reverts the 10 µg/mL LPS damage, activating the survival pathways and restoring 

the chondrocyte to normal conditions (about 25% compared to sodium hyaluronate, p < 0.05). 

 

Figure 46. Analysis of the main intracellular pathways activated in T/C-28a2 cells during AO conditions. The results 

demonstrated a reduction in apoptotic pathways and an improvement of the survival pathways supporting the ability of HA 

to restore the OA damage. In (A) BAX activity; in (B) Caspase 9 activity; in (C) ERK/MAPK activity; all these results are 

obtained from specifically ELISA kit. Data are mean ± SD of five independent experiments performed in triplicates compared 

to the control value (0% line). * p < 0.05 vs. control; y p < 0.05 vs. 10 µg/mL of LPS; # p < 0.05 vs. Sodium Hyaluronate 1 µg/µL. 

 

Finally, to explore the possible effector molecules responsible for the maintenance of chondrocyte 

wellbeing, the activity of cyclin D1, osteoprotegerin (OPG), and CD44 were investigated. As reported 

in Figure 47A–D, 10 µg/mL of LPS confirmed its negative effect on T/C-28a2 cells compared to control 

(p < 0.05) downregulating OPG activity, CD44 and cyclin D1 expressions (about 18%, 8%, and 12% 

compared to control, respectively) modifying negatively chondrocytes activity. Conversely, both 1 

µg/µL GreenIuronic® and sodium hyaluronate were able to reduce the damage induced by 10 µg/mL 

of LPS (p < 0.05), confirming the positive role of HA contained in two agents in stimulating chondrocyte 

metabolism. In particular, 1 µg/mL GreenIuronic® appears to be able to induce main effects compared 

to sodium hyaluronate (p < 0.05) to counteract the negative effects of OA induction. Indeed, 1 µg/mL 
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GreenIuronic® is able to restore the damage induced by 10 µg/mL of LPS in all parameters tested (about 

60% for OPG, one time more for CD44, and 57% for cyclin D1 expression, p < 0.05), suggesting that it 

could ameliorate chondrocyte pathological conditions by activating them through the markers 

responsible for articular joint homeostasis. 

 
Figure 47. Western-blot and densitometric analysis of the main intracellular pathways activated in T/C-28a2 cells during AO 

conditions. In (A) OPG activity measured by ELISA test, in (B) the CD44, and in (C) cyclin D1 densitometric analysis of the 

specific Western blot, which is reported as an example in (D). Data are mean ± SD of five independent experiments performed 

in triplicates compared to control value (0% line). * p < 0.05 vs. control; y p < 0.05 vs. 10 µg/mL of LPS; # p < 0.05 vs. Sodium 

Hyaluronate 1 µg/µL. 
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8) CONCLUSIONS AND FUTURE PROSPECTIVES 

Every person – in every country in the world – should have the opportunity to live a long and healthy 

life. However, as is well known, environments and lifestyles can promote health or be detrimental to 

it [254]. The environments in which we live can greatly influence behavior, exposure to health risks 

during life, access to services (for example, health and social care) and all changes related to aging 

[254]. Hence, the concept of an aging population is a relatively new problem from the historical point 

of view [255]. Since ancient times, aging has been described in many different ways by philosophers 

and scientists. The age-old question whether old age is itself a disease has been tackled, starting from 

the Roman playwright Terence, who argued "senectus ipsa est morbus" (old age itself is a disease) and 

from Cicero who some decades later will argue in De Senectute : “pugnandum, tamquam contra morbum 

sic contra senecutem” (one must fight against aging, as one does against a disease).These quotations 

summarize a long-held view of aging and old age addressed by several scholars [31]. Due to this 

popular belief, in the past decades, aging has emerged as the strongest and most well-established risk 

factor for human disease development and major causes of death and disability [256]. 

Notwithstanding, with the birth of modern medicine in the nineteenth century, this old tenet has been 

somehow overcome by understanding what causes aging and finding remedies, solutions, and 

challenges for age-related diseases. Indeed, for many years the explanation was that aging per se is a 

physiological condition which favors the onset of many diseases. However, their relationship is likely 

much more complex. A major reason is that they share the basic mechanisms [257], identified as “seven 

pillars” which include adaptation to stress, loss of proteostasis, stem cell exhaustion, metabolism 

derangement, macromolecular damage, epigenetic modifications, and inflammation [258]. All these 

factors lead to consider as the primary feature of aging the accumulation of cellular senescence induced 

by harmful stimuli from inside and outside the cell [259]. Cellular senescence affects the body in two 

ways: firstly, excessive accumulation of senescent cells inevitably affects tissue regeneration; secondly, 

senescent cells secrete a large number of inflammatory factors and present with the senescence-

associated secretory phenotype (SASP), which has negative effects on the surrounding environment 

[260]. The cellular impaired microenvironment contributes to age-related conditions [261]. Following 

this idea, the difference between aging and diseases would rely on the rate/speed and intensity of aging 

cellular and molecular processes, combined with specific organ/ systems genetic and lifestyle/habit 

predisposition. Thus, in the long run, all the functional domains undergo a physiological decline that 

eventually can lead to overt clinical diseases favored by organ/system-specific genetic and 

environmental factors [262]. Furthermore, this progressive path generates a continuum between the 

healthy juvenile status and the impaired, unhealthy elderly one; therefore, since the desire for healthy 

aging without suffering is a desire shared by all modern civilization, modern medicine has been highly 

concentrated on finding many strategies for ameliorating age-related diseases, undergoing a gradual 

shift in its underlying concept, from “sick care” to “health care” [263]. Indeed, only recently have 

scientists extensively expounded the biology of aging, bringing into focus the evolutionarily conserved 

mechanisms of aging available to control the functional declines and onset of diseases linked to aging 

processes.  
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Figure 48. Timeline of research on aging and aging-related diseases. From “Aging and aging-related diseases: from molecular 

mechanisms to interventions and treatments” [264] 

 

Although aging is not a disease per se, it is a significant shared risk driver for every major cause of 

death, disease, and disability compared to sedentary lifestyle activities and obesity [265]. Because as 

an individual gets old, the physiological functions decline, contributing to when and how one gets sick 

and passes on, causes a significant burden on social and economic stability [266]. Based on the study 

of the Global Burden of Disease in 2017(GBD 2017), 92 of 293 (31.4%) diseases were determined to be 

age-related, and the most common aging-related diseases included neurodegenerative diseases, 

cancer, cardiovascular diseases, and metabolic diseases [262]. Despite this apparent connection, in 

earlier years, aging was thought to be unmodifiable, but subsequent discoveries point to a change in 

thinking and suggest that there is a chance to promote longevity and reduce the occurrence of age-

related health conditions. Indeed, today scientists have recognized the impact of slowing aging 

processes, causing aging biology and age-related health conditions to receive the needed attention 

across all bio and medical research fields [264; 262]. Furthermore, current research focused on 

understanding the aging process which facilitates the identification of therapeutic targets for age-

related diseases and the development of pharmacological agents suitable for approved clinical use in 

the future [267]. Interestingly, evidence indicates that pharmacological interventions can affect the 

aging process and its hallmarks, raising the possibility of slowing aging and promoting healthy aging 

[268]. For example, strategies for counteracting mechanisms of ageing to prevent disease, known as 

‘geroprotection’, are far reaching, and currently include recommendations for exercise, diet, and other 

aspects of lifestyle. Some of them are reported in the table below.  
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Figure 49. Drugs and their influence on different hallmarks of ageing. From “The quest to slow ageing through drug discovery” 

[268] 

 

However, these alone are not sufficient to prevent the ills of old age, and increasing efforts are directed 

to tackling the underlying processes of ageing [269]. Today, scientists have recognized the impact of 

alternative remedies in slowing aging processes, in order to modulate aging biology and age-related 

health conditions. One of the major challenges explored for health improvement during aging is the 

nutritional interventions, which may be viewed as a viable approach [270]. Since ancient times, the 

medicinal properties of plants are always believed for its therapeutic effect and treating many diseases, 

until a time where a shift was observed towards commercial drugs. However, a change has begun 

where phytomedicine is gaining its popularity once again [271]. This change is due to its effectiveness, 

both in terms of treatment and cost. Phytomedicines, which are also called herbal drugs/medicine, 

basically consist of the use of plant or its part which are found to have medicinal properties and can be 

used in the treatment of various diseases as well as improvement in overall health [270]. The role of 

phytomedicine in aging is very crucial as it possesses important bioactive compounds and constituents 

(such as polyphenols, flavonoids, phenolic acids, and others) which are considered to provide anti-

aging properties as well as helps in reducing age-associated problems. The phytomedicines provide a 

wide range of health benefits such as antioxidant and anti-inflammatory activity, anticolesterolemic 

properties, antimicrobial, hepatoprotective activity, analgesic etc. Moreover, some natural leaves are 

used as phytotherapeutics and have proven to help in minimizing the complications of the elderly 

[272]. Indeed, the scientific community extensively uses small-molecule, natural products, and dietary 

interventions to discover evolutionarily conserved mechanisms of aging. Moreover, they are known to 

modulate mitochondrial function, senescence, and nutrient-sensing metabolic signals to improve 

cellular aging and age-related diseases, notably metabolic diseases, cardiovascular diseases, 

neurodegenerative diseases, and degenerative joint disorders [31]. Furthermore, this scientific 

evidence defined the possible use of the naturally derived active ingredients in pharmaceutical 

formulations, named dietary supplements, with the aim of improving the processes of aging. Indeed, 

dietary supplements and natural products, consisting of various products and ingredients from herbal, 

marine, and botanical sources, continue to receive remarkable patronage from consumers worldwide 

[273]. Dietary supplements and natural products have a fascinating history concerning their health 

benefits in human life and diseases before the birth of western drugs. To ensure health safety in the 
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population, several countries’ Food and Drugs Administrations (FDA) and international health 

institutions have issued numerous guidelines on dietary supplements and natural product medical 

applications [274]. Although most regulatory authorities prohibit dietary supplements and natural 

products from diagnosing, mitigating, treating, curing, or preventing human diseases, a greater pool 

of FDA-approved drugs is optimized from natural products [275]. Therefore, in the context of aging 

research, several natural products and dietary supplements continue to be studied extensively for their 

anti-aging properties or are used as research tools to explore and discover molecular mechanisms 

underpinning biological aging [17].  

With these premises this research, in its various phases, demonstrates the important role of some 

nutraceuticals during aging, showing promising results in various fields of diseases related to aging. 

Actually, during the development of this project, the possibility of using a plant-derived compound or 

growth factor therapy, with therapeutic value to bind multiple molecular targets with a beneficial 

pharmacological effect on healthy aging, was demonstrated. Indeed, as regards of aging-

neurodegenerative disease, this thesis demonstrated that BDNF treatment could modulate neurons 

neuroplasticity, promoting the health of nervous tissue, and also the ability to counteract the effects of 

pro-inflammatory cytokines and oxidative damage, which are the mechanisms underlying age-related 

neurodegeneration. Moreover, both in in vitro and in in vivo models, the study of the intracellular 

pathways demonstrated a significant increase in the expression of ApoE, which is a member of the 

low-density lipoprotein receptor gene family, mainly produced by the astrocytes in the brain. ApoE 

has been identified as the receptor that mediates amyloid β (Aβ) uptake and clearance by astrocytes, 

thus increasing glial LDLR levels, which may promote Aβ degradation within the brain; these data 

indicate a positive effect on brain trophism exerted by BDNF SKA and an increase in SIRT1 

phosphorylation, confirming a potential role in counteracting the known mechanisms that lead to brain 

aging. Indeed, SIRT1 has recently been shown to play a role in normal cognitive function and synaptic 

plasticity, counteracting not only cognitive decline and neurodegenerative disease but also mediating 

chronic pain, associated with peripheral nerve injury, in aging. However, because of the difficulties 

associated with the administration of exogenous proteins into the central nervous system, it is 

important to consider the possibility of stimulating endogenous sources of BDNF. In this context, 

recent research has emphasized the role of PEA as it has a neuroprotective effect, acting on several 

BDNF targets in the central and peripheral nervous system; it is able to improve its effects by 

cooperating with antioxidant molecules such as Equisetum arvense L., which has attracted particular 

attention since it is a rich source of phenolic compounds, flavonoids, and phenolic acids. All these 

molecules play an important role not only in central nervous system but also in the peripheral nervous 

system, thanks to the oxidative stress response mechanism and the activation of SIRT1. Indeed, recent 

scientific evidence revealed that SIRT1 agonists can relieve chronic pain through regulating 

inflammation, oxidative stress, synaptic plasticity, and mitochondrial dysfunction; thus, another 

novelty of this research path is the observation about cooperative mechanism of a combination of 

nutraceuticals with anti-inflammatory and antioxidant properties able to modulate SIRT1 activity. 

Therefore, the second research field of this thesis aimed to contribute, in an experimental in vitro model, 

to identify a powerful food supplement for patients suffering from peripheral nerve injury and 

sensitization. For this purpose, 0.2µM PEA 80 mesh and 50µg/ml Equisetum Arvense (titrated 10% 

silica), alone and combined in a new food supplement called EquiPEA™, were used to evaluate the 
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ability to modulate the main mechanisms underlying nerve fiber damage and, consequently, pain 

involving the endocannabinoid system. Indeed, CB receptors act on GABAergic neurons by entering 

the physiological mechanism of pain regulation. According to that, results revealed that EquiPEA™ 

acts on the GABAergic system through the CB1 receptor. Furthermore, several studies affirmed that 

CB receptors on GABAergic neurons might also be needed for modulation of the nervous recovery 

mechanism located on Schwann cells, which detect nerve injury and provide the first response, playing 

a critical role in the development and maintenance of neuropathic pain. Furthermore, mimicking in 

vitro the neuropathy condition, in particular about inflammation and oxidative stress leading to the 

imbalance of ion transport, data revealed that the combination of PEA withEquisetum arvense L.seems 

to be able to repair the damage on myelin sheath that protects the axon and simultaneously able to act 

on NGF release and on bind p75 neurotrophin receptor reproducing the mechanism of analgesic effect 

observed in human. Indeed, as reported above an increase on NGF level in various inflammatory 

conditions may be considered an important hallmark of the human chronic pain condition.  It should 

be emphasized that the results obtained in the first two field demonstrated that treating both acute and 

persistent pain during aging represents a complex task due to high prevalence of chronic co-

morbidities, organ failures and age-related declining conditions; therefore, the therapeutic potential of 

natural remedies may be applied to other aging diseases, such as metabolic disorders and 

musculoskeletal diseases, which are also related to neuropathic pain. Based on this, the nutraceuticals 

treatment should begin before any chronic diseases appear, and it should delay the onset of the first 

age-related chronic disease. Therefore, because the goal of a nutraceuticals is to increase health span, 

as part three of this thesis, the possibility of controlling the changes in cholesterol metabolism, which 

are at the basis of metabolic syndrome and cardiovascular diseases, was investigated using plant-

extracted active ingredients. Indeed, the anti-cholesterol activity of Esterol10® revealed that it proved 

to be more effective than conventional therapies in promoting the lowering of cholesterol in 

hepatocytes, through a reduction in the synthesis of cholesterol and its conversion into bile acids 

through the choleretic process which is a complex biochemical process that leads to the production of 

bile, an iso-osmotic electrolyte solution that forms in the liver as a product of its secretory function. 

Taken together, these results demonstrated that Esterol10® significantly improves hepatic metabolism 

by regulating the synthesis of cholesterol through the improvement of HMGCoA reductase and the 

reduction of its receptor expression. In this context, liver function is determined by the synthesis of 

total cholesterol while improving the production of bile acid and free cholesterol, as determined by 

tests for total cholesterol, free cholesterol, and bile acids. In fact, experimental results confirmed better 

anti-cholesterol efficacy when combined in a single blend, compared to RYR alone or Atorvastatin, 

suggesting the potential use of this formulation to supplement or replace statins. Anti-cholesterol 

therapies based on new and safer plant extracts and their mixtures are necessary to assist or replace 

statins. Although our results from in vitro experiments cannot be directly extrapolated to the 

antilipidemic and anti-cholesterolemic clinical effects, they must be confirmed in a more complex 

system, such as an in vivo model. At the same time, this study confirmed the molecular mechanism 

activated by Esterol10® including AMPK, which has a direct impact on glucose and lipid metabolism. 

Furthermore, the analysis showed that the formulation modulates SREBP, HMGCR, LDLr, and all 

other enzymes involved in cholesterol biosynthesis. Although it well known the positive effects on 

cardiovascular events mediated by statin therapy, adverse effects that include statin associated muscle 
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symptoms are commonly reported. This frequent condition in humans revealed a range from mild-to-

moderate muscle pain, weakness, or fatigue to potentially life-threatening rhabdomyolysis, which is 

reported by 10% to 25% of patients receiving statin therapy. Therefore, multiple lines of research 

explored topics directly related to nutrients that further refined information on evidence-based 

nutrition recommendations to support skeletal muscle health. The supplements commonly used for 

the maintenance of skeletal muscle health are usually made up of proteins and amino acids (e.g., 

leucine, creatinine, and carnitine), associated with vitamins (e.g., vitamin D or vitamin C) or minerals 

(e.g., magnesium. or potassium), essential for many metabolic processes. Therefore, results obtained 

from field four of this thesis show that the combination of specific nutrients exerts a positive effect on 

myoblasts through the activation of intracellular mechanisms capable of stabilizing the beneficial 

effects of the individual agents on mitochondrial health. In particular, this effect was observed by the 

cell viability analysis which can rule out any cytotoxic effect or mitochondrial imbalance in the absence 

of limited respiration, which otherwise leads to a concomitant high rate of cell apoptosis. In addition, 

the results support the hypothesis that MKVC can promote physiological differentiation on C2C12 cells 

as demonstrated by the analysis of cyclin D1, which is abundant in proliferating myoblasts, and 

confirmed by the analysis of desmin. Furthermore, MKVC shows a significant impact on mitochondrial 

activity and on its membrane potential because it is capable of increasing ATP production and oxygen 

consumption. One of the main areas of interest driving research towards the development of new 

supplements for the muscle is their possible role in controlling muscle cramps, typical sudden, 

involuntary, painful, and palpable muscle contractions that last from seconds to minutes.  For this 

reason, muscle contraction-relaxation cycle was further investigated, confirming the importance of this 

mechanism in the genesis of cramps, indicating that MKVC better modulates a state of 

hypercontraction, restoring ion fluxes to more physiological values and remodeling the contractile 

phase with less cell fatigue in an in vitro model. Another important element in the balance between 

contraction and relaxation is the maintenance of a physiological value of inflammatory cytokines. 

MKVC can maintain the level of TNF-α indicating that it could have a great effect in hypercontractility 

conditions. Furthermore, the results of this work showed that MKVC induces less intracellular 

accumulation of lactate, resulting in increased glucose consumption to support aerobic activity in 

C2C12 cells. These data suggest that glucose concentration and glycogen accumulation are consumed 

under physiological conditions after MKVC stimulation.  

Furthermore, for the purposes of this thesis, it was deemed necessary considering that decrease in 

muscle mass and strength negatively affects bone mass leading to osteoporosis, which is linked and 

commonly associated with aging. Indeed, the changes in bone aging that lead to osteoporosis depend 

on several causes, including hormonal alterations, skeletal unloading, and accumulation of senescent 

cells. Typically, the maintenance of bone homeostasis requires a balance of activity from osteoblasts 

and osteoclasts. Moreover, osteoporosis results from decreased bone formation and increased bone 

resorption due to osteoblasts and osteoclasts. Currently, several treatments for bone mass loss are 

approved by the FDA, but most of them are associated with serious adverse effects. For that, alternative 

options are most required, and recent studies have proposed improving osteoblast differentiation for 

osteoporosis prevention and treatment. On the other hand, several natural extracts that are safe and 

inexpensive have demonstrated some positive effects on bone-related diseases. In this context, a new 

food supplement based on Artemisa annua, Boswellia serrata and Equisetum arvense has been investigated 
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to improve osteoblast activities by modulating alkaline phosphatase (ALP) and mineralized nodules 

in an in vitro co-culture of osteoblast/osteoclast. The main results revealed for the first time that the 

protein levels of osteoclastic markers were significantly decreased. At the same time, the balance 

between osteoprotegerin (OPG)/RANKL was maintained by osteoblast OPG production, which 

inhibits osteoclast formation by inducing osteoblast functions. Moreover, since these extracts will be 

used as human food supplements, an in vitro 3D intestinal model analysis was carried out to mimick 

the oral human intake. Additionally, in vivo experiments demonstrated that the combination of 

Artemisa annua, Boswellia serrata and Equisetum arvense significantly promoted bone formation in aged-

induced osteoporotic mouse model. Particularly significant was the increase in the osteoblast-related 

parameters and bone histomorphometry parameters. Collectively, these results demonstrated for the 

first time that this new formulation can promote osteoblastic differentiation via the activation of the 

conventional pathways and promote bone formation. Finally, another decline condition related to the 

musculoskeletal aging process that greatly impacts older people's quality of life is osteoarthritis (OA). 

This common and debilitating joint disorder contributes to joint pain and functional impairment. For 

this reason, the application of nutraceuticals in the field 5, osteoarticular disorders and osteoarthritis, 

has also been investigated. Therefore, the possibility of using plant-derived HA in a dietary 

supplement to be taken orally sparked interest in designing a new nutraceutical (called GreenIuronic®) 

able to counteract the harmful consequences of OA. Based on the results obtained, the presence of a 

high molecular weight ingredient related to HA supports its use to counteract the adverse effects of 

OA, since high molecular weight HA is nowadays the best treatment option for knee OA by intra-

articular injection. Consequently, the effects of GreenIuronic® obtained from 3D model that mimics 

intestinal absorption clearly demonstrated that HA is effectively absorbed and biodistributed to the 

chondrocytes and exerts its biological functions in those tissues. In addition, GreenIuronic® treatment 

indicated that a substantial part of HA is absorbed without damaging the intestinal epithelium; this is 

a crucial point since HA has a role in decreasing the permeability by enhancing tight junction proteins. 

In epithelial cells, the formation of tight junctions plays an important role in the intestinal barrier, and 

this is mediated by proteins such as claudins, occludin, and ZO-1 that are necessary for epithelial 

barrier activity. Furthermore, the second important purpose of this work was to test the ability of 

GreenIuronic® to stimulate chondrocyte biological activity under physiological and pathological 

conditions. As expected, GreenIuronic® was able to stimulate cell viability and induce chondrocyte 

proliferation without causing adverse effects, also compared to conventional HA supplementation 

Indeed, thanks to the presence of HMWHA, the beneficial effects of GreenIuronic® on the activity of 

chondrocytes support the hypothesis of its use in inflammatory joint conditions. Since OA is a disease 

of the whole joint and a multifactorial entity, there are various therapeutic strategies that involve 

numerous fields of medicine: rheumatology, orthopedics, geriatrics, psychiatry, general practitioners, 

and physiotherapists. The goal of OA therapy is to reduce pain and increase patients’ quality of life. In 

this context, HA has shown not only beneficial effects on articular cartilage trophism, but also 

antinociceptive effects with a significant reduction in pain in particular and the beneficial effects of 

GreenIuronic® have also been confirmed by the quantity of HA, contained in this new formulation, 

which reached the target site and was absorbed into the joint without damaging it. All these findings 

were confirmed also during OA condition in which GreenIuronic® binds CD44 on chondrocytes to 

exert its biological activities, demonstrating that the association of HA with CD44 increased the HA 
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absorption/production suppressing proinflammatory processes, suppressing the expression of the 

apoptosis process regulating cartilage production, improving OPG activity, and proliferation process, 

modulating cyclin D1 expression.  

 

The complex scenario emerged thanks to results obtained during the PhD program confirmed the 

relationship between dietary supplement and chronic age-related diseases, which deserve and 

stimulate two different, even if complementary, types of conclusions: the former refers to the fact that 

major age-related diseases have a common molecular pathways, while the latter faces the possibility 

of implementing new therapeutic approaches using naturally derived active ingredients to solve 

and/or improve the implications and problems encountered during age-related diseases here 

presented. Based on the results obtained, evidently, regulatory hallmark strategies that explain the 

connection between aging and physiological events and lifestyle have offered a gateway for potential 

drug development. Herbs/botanicals, phytotherapy elements and active principle-derived natural 

compounds, minerals, and other dietary supplements, which have been demonstrated to have anti-

aging properties and are used as a start-off for discovering potent anti-aging drugs [17]. However, we 

cannot be sure in which way these natural products and dietary supplements modulate the 

mechanisms of aging to reflect the treatment effectiveness of healthy aging in outbred populations of 

heterogeneous environments. Moreover, insufficient knowledge and understanding of clinical 

research and lack of funding on the side of dietary and natural product scientists also hinder the proper 

implementation of alternative approach. Also, institutional ethical and review boards mostly have 

regulatory systems that favor researchers on synthetic drugs rather than natural supplements, whose 

constituents are not well-defined and characterized. Indeed, more in-depth studies are needed to 

confirm the role of naturally derived active ingredients in modulating the mechanisms of ageing. To 

date, human clinical trials centered on uncovering the medical potential of natural products and 

dietary supplements on the health of the elderly population present both challenges and opportunities 

to increase demand for primary health care and long-term care ageing. Nevertheless, the main problem 

which may be countered is the delivery of the molecule to the affected cells; although numerous studies 

have explored the possibility of administering natural products attempting to orally administration, 

data obtained have so far yielded poor results due to the fact that nutraceuticals couldn’t cross through 

the intestinal barrier or BBB through due to their poor bioavailability. Therefore, as found in the 

projects, the use of engineered solvents, capable of caging the active ingredient and transporting it 

across biological membranes, could be a viable alternative to the problem of low bioavailability that 

would be found if the supplement were made available on the market. Thus, it is time for ethical and 

institutional review boards to consider enacting well-designed interventional studies regulatory 

requirements that support natural supplement characteristics on human aging and aging-related 

diseases. In conclusion, the series of research presented in this thesis add new experimental evidence 

on the possibility of acting on the human aging process and on the degeneration of some tissues that 

lead to aging-related diseases using natural dietary products. Modern scientific research allows today 

to reveal the precise cellular and molecular mechanisms of active ingredients used for centuries, in an 

empirical way, in traditional medicine. This will allow, in the near future, to guide the body, together 

with the principles of Lifestyle Medicine, on the path of healthy aging allowing individuals to obtain 

health benefits and live a longer and healthier life, integrated into society. 
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