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Abstract 

Backgroud: Brain aging is associated with an excessive reactive oxygen species (ROS) formation that causes 

cell injury through proteins oxidation and DNA damage. These changes have been identified as contributing 

factors in age-related memory decline. In this sense, treatments able to protect central nervous system (CNS) 

from oxidative stress and to sustain membrane plasticity, may represent new candidates to counter the 

development of aging effects. Several studies have indicated vitamin E, folic acid, magnesium and omega-3 

as nutraceuticals protecting CNS from oxidative stress.  

Methods: A specific association of these active nutrients was tested in human cholinergic neurons, chosen as 

a cellular model related to learning and memory processes. Cortisol was used as an oxidative stress insult to 

explore the beneficial properties of the nutraceuticals.  

Results: In summary, the specific ratio of active ingredients in the above selected food supplement prevented 

the decrease in ATP content and in cell viability exerted by cortisol. At the same time, it prevented ROS 

formation, DNA damage, autophagy processes and decrease in the expression of cellular well-being genes 

induced by cell treatment with cortisol. The effects on ATP content, ROS formation and cellular viability were 

evidenced when the nutraceutical mix when administered following cortisol treatment, too. Notably, these 

peculiar evidences were significantly higher with respect to those elicited by the single components of the food 

supplement.  

Conclusions: Overall, these results confirm the beneficial effects of the simultaneous administration of vitamin 

E, folic acid, magnesium and omega-3. 
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1. Introduction 

Brain aging has been associated with decline of biological functions, progressive memory loss, problems of 

coordination and difficulty in concentration [1]. During life, neuronal defense mechanisms decrease, leaving 

neurons exposed to free radical damage, protein accumulation and decreased neurogenesis [2, 3, 4]. Moreover, 

the reduction of the antioxidant defenses and the presence of high blood glucocorticoid levels [5], which 

characterize aging, could lead to an excessive reactive oxygen species (ROS) formation, causing inflammation 

through lipid peroxidation, glycosylation or oxidation of proteins and DNA damage [6]. Nutraceutical 

compounds can exert neuroprotective effects by regulating energy metabolism, neuro-oxidative stress, 

neuroinflammation and by improving neurogenesis. Herein, the nutraceutical combination used is a food 

supplement formulation containing a specific amount in a fixed ratio of active ingredients, including folic acid, 

vitamin E, magnesium and omega-3, which are essential to obtain the desired physiological balance [7]. Folic 

acid is an important vitamin for neuronal development [8] and for DNA stability. In fact, folate acts as a donor 

of methyl groups leading to the formation of S-adenosylmethionine which regulates DNA transcription and 

gene stability [9]. At the same time, vitamin E is a lipid-soluble antioxidant vitamin capable of blocking radical 

chain reactions and regulating signal transduction [10]. Another critical component for the maintenance of      

CNS functions is magnesium. Indeed, it is the second most important and abundant cation in cells, and it is 

essential for many physiological processes. Maintaining the appropriate magnesium concentrations is 

necessary for cell growth, proliferation, differentiation, energy metabolism and death [11]. Omega-3 are 

essential unsaturated fatty acids (n-3 PUFAs) and they are crucial components of neuronal cell membranes; 

among these, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are pivotal for antioxidant 

defenses [12] and to preserve the correct membrane cell fluidity [13]. Actually, the maintenance of a correct 

cell membrane plasticity allows to obtain a good cellular communication and to counteract memory and 

learning deficits related to the changes in neuronal and synaptic density [14, 15]. In this sense, maintaining 

adequate levels of these fatty acids leads to a reversion of age-related synaptic plasticity changes, a reduction 

of inflammation and brain atrophy [16]. In this context, treatments able to reduce inflammation, to increase 

neurotropism and to protect CNS from oxidative stress, may represent new candidates to counteract aging 

development and neuro-psychological alterations [17]. Currently, treatments composed of one or two 

ingredients, among folic acid, vitamin E, magnesium and omega-3 have been studied, but all together (as a 

mixture), at specific concentrations, have not been assessed yet. Although present in specific food sources not 

always easy to get, these nutraceutical compounds can be provided also through a healthy and balanced diet. 

In fact, n-3 PUFAs such as EPA and DHA are contained in fatty cold-water fishes (mackerel, sardine, herring, 

tuna, and salmon), fish oil, seafood, and krill oil [18, 19, 20]. The major dietary sources of vitamin E are 

vegetable oils (e.g., olive, coconut, sunflower, palm, soybean), whole grains, leafy vegetables, and nuts [21, 

22, 23], while magnesium is taken frequently through dietary sources such as green leafy vegetables, cocoa, 

almonds, nuts, unground grains, whole seeds, legumes, and at lower concentrations through fruit, meat 

(chicken, pork), and fish [24, 25]. Finally, folic acid is the synthetic form of folates, used in supplements or 

fortified foods, while folates are provided naturally by eating green leafy vegetables, yeast, liver, eggs, 

fermented products (e.g., cheese, yogurt), legumes, and some fruits [26, 27]. In the present work, the active 

ingredients were combined according to a peculiar percentage reported in Libretto®/Primus® and tested in 

human cholinergic neuronal-like cells (i.e., differentiated SHSY-5Y cells) for their abilities to protect neurons 

against age-related cellular alterations [28]. 

For the purpose of the study, the SH-SY5Y culture system has been chosen, which is a convenient neuronal 

model. This model has the potential to elaborate human/primate-specific transcription networks and pathways 

related to human cognitive disorders [29], which has been already frequently used to explore 

neurodegeneration, oxidative stress, and psychological disorders [30]. In particular, recent literature has 

reported that SHSY-5Y cell differentiation with retinoic acid (RA) and brain-derived neurotrophic factor 

(BDNF), as in the present paper, induces the expression of acetylcholinesterase and choline acetyltransferase 

enzymatic activities and it has been proposed as a suitable model of cholinergic neurons to study cellular 

processes associated to aging and neurodegeneration [31]. 
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2. Materials and Methods 

2.1 Materials 

cis-5,8,11,14,17-eicosapentaenoic acid (EPA), cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), folic acid 

(FA), D-alpha-tocopherol polyethylene glycol (vitamin E), magnesium carbonate (Mg2+) hydrocortisone for 

cortisol (CORT), retinoic acid (RA) and brain-derived neurotrophic factor (BDNF) were purchased from 

Sigma Aldrich. All other reagents were obtained from standard commercial sources. In this paper, the complete 

ingredients mix (Libretto®/Primus®, Angelini Pharma S.p.A) “nutraceutical combination” or as a 

“nutraceutical mix” and it was used in two set of dilutions: MIX [1’] refers to 8 μM EPA, 3.12 μM DHA, 4.5 

nM folic acid, 52 nM vitamin E and 2.8 μM magnesium while MIX [1’’] refers to 0.8 μM EPA, 312 nM DHA, 

0.45 nM folic acid, 5.2 nM vitamin E and 280 nM magnesium. EPA, DHA and folic acid were diluted to 

different concentrations of stock solutions by 100% DMSO; otherwise, vitamin E and magnesium were diluted 

by water. All subsequent dilutions were carried out in water, therefore in the final composition of the 

nutraceutical, there are negligible amounts of each solvent. 

2.2 Cell cultures differentiation and induction of stress 

SH-SY5Y neuroblastoma cell line was cultured in a complete medium consisting of DMEM, 10% fetal bovine 

serum (FBS), and 2 mM L-glutamine, at 37 °C in 5% CO2. For cholinergic neuronal differentiation, SH-SY5Y 

were cultured in DMEM reducing FBS concentration to 2% and supplementing with 10 μM RA for 7 days. 

This treatment was replaced every 2 days. On the fourth day of differentiation 50 ng/mL of BDNF were added 

[31]. To set up the stress model, an MTS assay was performed and hydrocortisone (water soluble, H0396, 

Sigma Aldrich, Milan, Italy) at 250 µM for 24 h was used on human neurons. H9-derived Neural Stem Cells 

(NSCs) were purchased from GIBCO (Life Technologies, Milan, Italy). They were cultured in complete 

medium consisting of KnockOut™D-MEM/F-12 with StemPro® Neural Supplement, 20 ng/ml of basic 

fibroblast growth factor (bFGF, Life Technologies, Milan, Italy), 20 ng/ml of epidermal growth factor (EGF, 

Life Technologies, Milan, Italy), and 2 mM L-glutamine at 37 °C in 5% CO2.  

2.3 Immunohistochemistry 

Cell differentiation was evaluated using immunofluorescence. Cells were washed with phosphate buffered 

saline (PBS), fixed with paraformaldehyde (4% v/v) for 20 min at room temperature (RT), and permeabilized 

with 0.1% Triton X-100-supplemented PBS. Nonspecific binding was blocked with 2.5% BSA for 1 h at RT. 

After PBS washes, cells were incubated with anti-ChAT (abcam, ab178850) antibody, overnight at 4°C. 

Subsequently, a secondary antibody anti-rabbit Alexa Fluor® (Invitrogen, 1:500) was used, for 45 min at RT 

[32]. Ten microscopic fields (× 60 magnification) were selected randomly from each of three independent 

experiments (n= 3). The images were obtained with a Zeiss fluorescence microscope equipped with ApoTome 

technology (Zeiss Microscopy, Jena, Germany) and analyzed with ImageJ software. To obtain a quantitative 

indication of differentiated cells, Alexa Fluor®-positive cells were counted, and the percentage of ChAT-

positive cells was calculated by using DAPI labelling to obtain the total cell number. Subsequently, with the 

ImageJ program the relative fluorescence was calculated in control and differentiated cells. DAPI labelling 

was used to normalize fluorescence intensity to the same number of cells. The data were expressed as fold 

change of fluorescence intensity vs control cells. 

2.4 Apoptosis Assessment 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10000 cells/ well or 5.000 cell/ml). After 

differentiation into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’] and 

[1’’] concentrations for 24 h and subsequently with hydrocortisone or sodium azide (NaN3) for an additional 

24 h. After treatment, early and late apoptotic SH-SY5Y were estimated by Muse Apo Assays (Merck-

https://doi.org/10.1007/s12035-019-1605-3
https://doi.org/10.3390/nu13030770


 

Millipore) as previously reported [33]. Apoptotic and dead cells were distinguished using the annexin V 

conjugated with fluorescein isothiocyanate (FITC) and amino-actinomycin D (7-AAD) [33]. 

2.5 ATP and ADP assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well or 50.000 cells/ml). 

After differentiation into cholinergic neurons (1 week), cells were treated with 8 μM EPA, 3.12 μM DHA, 4.5 

nM folic acid, 52 nM vitamin E or 2.8 μM magnesium, or the nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were incubated with hydrocortisone for an additional 

24 h. In contrast, in “post-treatment experiments”, cells were incubated with hydrocortisone and then 

challenged with the nutraceutical combination for 24 h. At the end, the amount of ATP and ADP were 

estimated using a bioluminescence assay kit, according to the manufacturer’s instruction (ADP/ATP Ratio 

Assay Kit, Abcam, Milan, Italy) [33]. The luminescence data were reported as the ATP/ADP ratio vs control 

cells set to 100%. 

2.6 Cell proliferation assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well or 50.000 cells /ml) and 

differentiated into cholinergic neurons, as described above. Moreover, H9-derived NSCs were used in parallel 

experiments to investigate the effects of the supplement on stem cells viability. SH-SY5Y neuroblastoma cell 

line was treated with 8 μM EPA, 3.12 μM DHA, 4.5 nM folic acid, 52 nM vitamin E or 2.8 μM magnesium, 

or the nutraceutical combination at [1’’] and [1’] concentrations for 24 h. Following incubation time, cells 

were incubated with hydrocortisone for an additional 24 h. In contrast, in “post-treatment experiments”, cells 

were incubated with hydrocortisone and then challenged with the nutraceutical combination for 24 h. At the 

end of treatments, cell proliferation was determined using the MTS assay according to the manufacturer's 

instruction. Within an experiment, each condition was analyzed in triplicate, and each experiment was 

performed at least three times. The results were calculated by subtracting the mean background from the values 

obtained from each test condition. Final data were reported as the fold change from control cells set to 100% 

[34].  

2.7 Western blot analysis 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10000 cells/well or 5.000 cells/ml). After 

differentiation into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and 

[1’] concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for 

an additional 24 h.  At the end of the treatment period, cells were collected and then were lysed for 2 hours at 

4 °C in RIPA buffer (9.1 mM NaH2PO4, 1.7 mM Na2HPO4, 150 mM NaCl, pH 7.4, 0.5% sodium deoxycholate, 

1% Nonidet P-40, 0.1 % SDS, and a protease-inhibitor cocktail). Equal quantities of the cell extracts (50 μg of 

protein) were diluted in Laemmli solution, resolved using SDS-PAGE (8.5%), transferred to PVDF 

membranes, and probed overnight at 4 °C using an antibody anti-choline acetyltransferase (ChAT, ab178850 

abcam, 1:200) anti-microtubule-associated protein light chain-3 (LC3β, sc-28266 Santa Cruz Biotechnology, 

1:100) [35] or anti-oxidative proteins nuclear factor-like 2 (Nrf2, ab137550 abcam, 1:200) or kelch-like ECH-

associated protein 1 (Keap1, AV38981 Sigma-Aldrich, 1:200). The primary antibody was detected using the 

appropriate peroxidase-conjugated secondary antibody, which was then detected using a chemiluminescent 

substrate (ECL, Perkin Elmer). Densitometric analysis of the immunoreactive bands was performed using 

Image Lab Software. The densitometric analysis was performed taking into consideration both bands relating 

to the two different forms of LC3β. The data are reported as the fold change from control cells set to 100%. 

All western blots were performed with the ChemiDoc XRS+Gel Imaging System (Biorad, Milan, Italy), which 

includes gel activation and acquisition of the total proteins imprinted in the PVDF. This “stain-free protein 

normalization” allows the normalization of bands to total protein in blots, thus eliminating the need for 

housekeeping proteins.  
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2.9 ROS assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell black plates (5000 cells/ well). After 

differentiation into cholinergic neurons (1 week), cells were treated with 8 μM EPA, 3.12 μM DHA, 4.5 nM 

folic acid, 52 nM vitamin E or 2.8 μM magnesium, or the nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. In contrast, in “post-treatment experiments”, cells were incubated with hydrocortisone and 

then challenged with the nutraceutical combination for 24 h. ROS activity was determined using the 

fluorogenic dye 2′,7′-dichlorofluorescin diacetate (H2DCFDA, Molecular Probes, Invitrogen). Following 

incubation with treatments, cells were washed and a solution of PBS + glucose 10 mM with 50 μM of 

H2DCFDA was added in the dark at 37 °C for 30 minutes.  The fluorescence intensity (excitation 485 nm and 

emission 520 nm) was normalized based on the number of cells stained with crystal violet [33]. Data were 

reported as the fold change from control cells set to 100%. 

2.10 Quantification of DNA damage 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h; at the end of treatments, cells were incubated with 250 µM of hydrocortisone for an 

additional 24 h. Following, cells were lysed, and equal amounts of protein were incubated in precoated wells. 

The DNA damage was estimated using an IR assay kit (Human H2A.X phospho S139 ELISA Kit, Abcam, 

Milano, Italy) according to manufacturer’s instructions [33]. The data are reported as fold change over control 

cells (100%). 

2.11 Evaluation of membrane fluidity 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. Membrane fluidity was measured by flow cytometry using a fluorescent labelling method 

according to the manufacturer’s protocol (Membrane Fluidity kit, Abcam, Milan, Italy). The EnSight™ 

multimode plate reader, measuring the excitation at 350 nm and the emission at 470 nm (excimer) and 370 nm 

(monomer), was used for analyzing the fluorescence intensity of labeled cells. Quantitative monitoring of the 

membrane fluidity was obtained by measuring the ratio of monomer to excimer fluorescence [36]. The data 

are reported as fold change over control cells (100%). 

2.12 RNA extraction and real-time PCR analysis 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10.000 cells/ well or 5.000 cells/ml) and 

differentiated into cholinergic neurons. In parallel experiments, H9-derived NSCs were used to investigate the 

effects of the supplement on stem cells. Both cell lines were treated with nutraceutical combination at [1’’] 

and [1’] concentrations for 24 h; after the incubation time, cells were exposed to 250 µM of hydrocortisone 

for an additional 24 h. At the end of treatments, cells were collected, and total RNA was extracted using 

Rneasy® Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. The purity of the 

RNA samples was determined by measuring the absorbance at 260:280 nm and cDNA synthesis was performed 

with 500 ng of RNA using i-Script cDNA synthesis kit (BioRad, Hercules, USA). Primers used for RT-PCR 

were designed in intron/exon boundaries to make sure that products did not include genomic DNA [34]. RT-

PCR reactions consisted of 10 μL Fluocycle® II SYBR® (Euroclone, Milan, Italy), 0.6 μL of both 10 μM 

forward and reverse primers, 5 μL cDNA, and 3.8 μL of H2O. All reactions were performed for 40 cycles using 

the following temperature profiles: 98 °C for 30 s (initial denaturation); T °C (see Table 1) for 30 s (annealing); 

and 72 °C for 3 s (extension) [36]. β-actin was used as the housekeeping gene. PCR specificity was determined 

https://doi.org/10.1021/acschemneuro.6b00078
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by both the melting curve analysis and gel electrophoresis. The data were reported as fold change over control 

cells set to 1. 

 

Gene Primer nucleotide sequences Product size 

(base pairs) 

Annealing 

temperature 

BDNF FOR: 5’-TACATTTGTATGTTGTGAAGATGTTT-3’ 

REV: 5’-CCTCTTTTCAGAAAAATTCAGGA-3’ 
131 56° 

SIRT1 FOR: 5’-CCTGGACAATTCCAGCCATC-3’ 

REV: 5’-TTCATGATAGCAAGCGGTTCAT-3’ 
272 66° 

CREB FOR: 5’-AAGCTGAAAGTCAACAAATGACA-3’ 

REV: 5’-CCTCTTTTCAGAAAAATTCAGGA-3’ 
240 52° 

PRG-1 FOR: 5’-CCCGCTCAGGGAATAGCTG-3’ 

REV: 5’-GCTAACCACCGATGATGCCA-3’ 
156 54° 

Β-actin FOR: 5’-GCACTCTTCCAGCCTTCCTTCC-3’ 

REV: 5’-GAGCCGCCGATCCACACG-3’ 
54 55° 

 

Table 1. Nucleotide sequences and annealing temperature of the primers utilized in PCR. 

2.13 COX-2 assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. The amount of COX-2 in supernatant was estimated using an enzyme-linked immunosorbent 

assay (Human Cox-2 ELISA kit, Sigma Aldrich) according to manufacturer’s instructions. Data were reported 

as a fold change over control cells set to 100%. 

2.14 IL-6 and IL-8 assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. The interleukins content in the supernatant was measured using enzyme-linked immunosorbent 

assay (ELISA) kits (Cloud-Clone Corp., Katy, Texas, United States: SEA079Hu for IL-6, SEA080Hu for IL-

8) following the manufacturers’ instructions. Briefly, 100 µL of supernatant was added into the appropriate 

wells and incubated for 1 hour at 37 °C. After incubation time, 100 µL of primary antibody were added for 1 

hour at 37 °C. After extensive washes, 100 µL of secondary antibody were incubated for 30 minutes at 37 °C 

and then, the substrate solution was added to each well, leaving the color to develop for 10-20 min at 37 °C. 

Absorbance was measured at 450 nm and a standard curve was obtained with standards kit.  

2.15 Statistical Analysis 

Data analysis was performed using one-way analysis of variance (ANOVA) with "Bonferroni's Multiple 

Comparison Test". p<0.05 was considered statistically significant. 

 

3. Results 



 

3.1. Differentiation of SHSY-5Y human neuroblastoma cell line into cholinergic neurons 

Aging is characterized by loss of some cholinergic system functions [37]. To investigate the effect of 

nutraceutical combination, human neuroblastoma cell line SHSY-5Y was differentiated into a cholinergic 

neuronal system with retinoic acid (RA) and brain-derived neurotrophic factor (BDNF) for seven days [31]. 

To confirm SH-SY5Y differentiation in cells with characteristics of cholinergic neurons, the expression of 

choline acetyltransferase (ChAT) enzyme was evaluated by Western blot analysis. The induction of 

differentiation led to an increase in the expression of protein involved in the production of acetylcholine, 

demonstrating the acquisition of typical characteristics of cholinergic neurons (Supplementary Figure 1 a,b). 

To confirm the results obtained with western blot analysis, an immunostaining of ChAT was performed 

(Supplementary Figure 1 c,d). In control undifferentiated cells, 25±3% of total cells were positive to ChAT, 

confirming the basal expression of the selected protein in these neuronal-like cells [31]. Following cell 

treatment, 80±6% of cells expressed ChAT, thus demonstrating that RA plus BDNF significantly induced 

SHSY-5Y differentiation into cholinergic neurons. Quantification of the relative fluorescence intensity, 

normalized to the same cell number, showed that differentiation induced a 1.76-fold increase in fluorescence 

intensity (Supplementary Figure 1d). 

 

3.2. Effect of cortisol on cell viability and evaluation of cortisol induced apoptosis 

Assuming that an increase in glucocorticoid levels has been observed with aging [5] and that chronic and non-

physiological levels of cortisol induce an increase in oxidative stress leading to the formation of reactive 

oxygen species (ROS) [38], a cortisol stress model [28] was developed to evaluate and to corroborate 

nutraceutical mix neuroprotective effects. For this purpose, cells were treated with two different concentrations 

(250 µM and 500 µM) of cortisol (CORT) for different times (4,8,16,24 h) and then, cell viability was assessed 

(Figure 1a). The concentration of 500 µM caused a reduction in cell viability of about 55%, almost mimicking 

acute stress. The lowest concentration (250 µM) produced a less marked reduction of cell viability, also at 

longer incubation times. Based on the obtained results, and in order to simulate a daily chronic physiological 

stress, this lower concentration for the longer time (24 h) was chosen.  

In order to study the effect of cortisol on cellular conditions, apoptotic staining was performed. In parallel, 

sodium azide, an inhibitor of the fourth mitochondrial complex with apoptotic effect, was used to compare the 

behavior of cortisol [39, 40]. As Figure 1 (panel b) shown, the trend of cortisol (24.57% in early apoptosis and 

12.36% in late apoptosis) appeared very similar to sodium azide (23.57% in early apoptosis and 11.23% in late 

apoptosis), demonstrating to have analogous effects. In supplementary materials (Supplementary Figure 2 a,b), 

we demonstrated that both mixes were able to protect cells from apoptosis damage cortisol-induced.  
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Figure 1. Stress model with cortisol. (a) The SH-SY5Y cell line was differentiated into cholinergic neurons and after 

they were treated with cortisol at concentrations of 250 µM and 500 µM for 4, 8, 16, and 24 h. Following incubation, 

cellular viability was measured by MTS assay. Data are the mean ± SEM of three different experiments, each performed 

in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was performed by 

one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** p<0.001. (b) The SH-SY5Y cell line 

was differentiated into cholinergic neurons and after, they were treated with cortisol at concentration of 250 µM or with 

sodium azide at concentration of 3 mM for 24 h. Following incubation, cellular apoptosis was measured by Muse Apo 

Assays (Merck-Millipore) as previously reported [33]. The data are the mean ± SEM of three different experiments, each 

performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was 

performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: *** p<0.001 and ## p<0.01 versus 

control of live cells and early apoptotic cells, respectively. 

3.3. Assessment of suitable concentrations of the nutraceutical combination 

In order to establish the safe and non-toxic concentrations of nutraceutical mix, cellular viability was tested 

for each nutraceutical compound. At the same time, particular concentrations were chosen to maintain an exact 

and specific proportion between compounds within the mix (Figure 2). As shown in Figure 2 the mix 

containing 8 μM EPA, 3.12 μM DHA, 4.5 nM folic acid, 52 nM vitamin E and 2.8 μM magnesium, here 

indicated as mix [1’], was initially chosen as single ingredients that did not reduce cell viability by more than 

20%. Subsequently, the mix was further diluted (ten-fold reduction) and used as final concentrations of active 

ingredients (0.8 μM EPA, 312 nM DHA, 0.45 nM folic acid, 5.2 nM vitamin E and 280 nM magnesium). Here, 

this second mix is indicated as mix [1’’] and it was chosen to assess if the beneficial effects can be maintained 

even at lower concentrations too (Figure 2). 

 

Figure 2. Assessment of mix concentrations. The SH-SY5Y cell line was differentiated into cholinergic neurons, and, 

after, they were treated with different dilution of active ingredients of nutraceutical combination. Then, two sets of 

concentrations were chosen, indicated as: mix [1’’] and mix [1’]. Following incubation, cellular viability was measured 

by MTS assay. Data are the mean ± SEM of three different experiments, each performed in duplicate, and reported as the 

percentage of untreated cells set to 100% (control). Statistical analysis was performed by one-way analysis of variance 

(ANOVA) with Bonferroni’s post-test: * p<0.05, ** p<0.01, *** p<0.001 vs control. 

3.4. Effect of the nutraceutical combination on ATP/ADP ratio and cell viability 

In light of recent publications and insights on the action of glucocorticoid receptors at mitochondrial level [41], 

we considered appropriate to examine the cellular energy balance as an index of mitochondrial dysfunction 

and mitochondrial protective potential of nutraceutical mix. As depicted in Figure 3, in the absence of cortisol, 

the mix did not cause any significant change in ATP levels, both at [1’’] and [1’] concentrations. As expected, 

the action of cortisol on glucocorticoid receptors resulted in energy damage; while, in contrast, nutraceutical 

mixes were able to prevent the cortisol-induced imbalance of ATP/ADP ratio, suggesting an involvement of 

supplements in restoring ATP levels (Figure 3a). Notably, similar results were obtained when the mix was 

administered following cortisol (Figure 3a), thus suggesting that the nutraceutical combination can rescue the 

metabolic alterations induced by cellular stress, too. The effects displayed by the nutraceutical mix on 
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ATP/ADP content were significantly higher with respect to those elicited by the single component, i.e., 

EPA/DHA, folic acid, vitamin E or magnesium (Supplementary Figure 3a).                                                       

Due to the ATP reduction, an assay of cell viability was assessed. In the absence of cortisol, the mix did not 

cause reduction in cell viability, neither at [1’’] and [1’] concentrations; as expected, challenging cells with 

cortisol significantly decreased cell viability but this reduction was prevented by challenging cells with both 

mix (Figure 3b). Notably, a significant rescue in cortisol-induced decrease in cellular viability was obtained 

when the mix was administered following cortisol (Figure 3b). The cytoprotective effects elicited by the 

nutraceutical combination did not significantly differ from those obtained by testing the single components 

alone, i.e., EPA/DHA, folic acid, vitamin E or magnesium (Supplementary Figure 3b).  

In order to study the effect of nutraceutical mix on the viability of a stem cell line, H9-derived NSCs were 

chosen. The mix displayed similar effects in this cell line: specifically, in the absence of cortisol, it did not 

cause reduction in cell viability, either at [1 ''] or [1 '] concentrations; as expected, challenging cells with 

cortisol significantly decreased NSC viability (Supplementary Figure 4). The decrease in NSC viability was 

prevented by nutraceutical mix (Supplementary Figure 4). These data evidenced a cytoprotective effect of this 

nutraceutical combination in cholinergic neurons and in neural stem cells.  

 

  

Figure 3. (a-b) Evaluation of the ATP/ADP ratio (energy balance) and cell viability. Following differentiation into 

cholinergic neurons, cells were treated with nutraceutical mix at [1’’] and [1’] concentrations, for 24 h and for an 

additional 24 h with cortisol at 250 µM (MIX[1’’]+CORT or MIX[1’]+CORT). In post-treatment experiments 

(CORT+MIX[1’’] or CORT+MIX[1’]), differentiated cells were challenged with 250 µM cortisol for 24 h, and then with 

the nutraceutical mix at [1’’] and [1’] for an additional 24 h. The ATP/ADP ratio was evaluated by specific fluorometric 

assay (a), and cellular viability was measured by MTS assay (b). Data are the mean ± SEM of three different experiments, 

each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis 

was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** p<0.001 vs control; 
# p<0.05; ## p<0.01, ### p<0.001 vs cortisol. 

3.5. Effect of nutraceutical combination treatment on autophagy pathway 

Autophagy is a mechanism that allows the degradation and recycling of cellular components. During this 

process, the damaged cytoplasmic constituents are isolated from the rest of the cell within a double-membrane 

vesicle known as autophagosome. The formation of the autophagosome occurs when the cytosolic form of 

LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form the conjugated form LC3-

phosphatidylethanolamine (LC3-II). At this stage, the autophagosome membrane fuses with that of a lysosome 

and the contents are degraded and recycled [42]. Since ATP reduction activated a serine/threonine kinase 

(AMPK) [43], triggering autophagy processes [44], the influence of the food supplements on autophagy 

phenomena was investigated. As reported in literature autophagic activity at the neuronal level is constitutively 

and physiologically higher than in other districts [45]. For this reason, in the absence of cortisol, both bands 

related to LC3β-I and LC3β-II protein were evident, validating the constitutive autophagic hypothesis of 

neuronal cells (Figure 4a). The increase in cortisol-induced autophagy was prevented by the following 

treatment with nutraceutical mix at both concentrations (Figure 4b). This signal may suggest a restoration of 

cellular balance and a consequent reduction of autophagy processes. 
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Figure 4. (a-b) Evaluation of autophagy induction: LC3β. Following differentiation into cholinergic neurons, cells were 

treated with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. 

After incubation, cells were collected and lysed. Autophagic marker LC3 (I and II) levels were assessed by western blot 

analysis using the anti-LC3β antibody. A representative Western blotting is shown (a). Irrelevant parts of the gel image 

are deleted. Optical density was measured by Image Lab software (b). Data are the mean ± SEM of three different 

experiments, each performed in duplicate, and reported as percentage of untreated cells (control set to 100%). Statistical 

analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, *** p<0.001 

vs control; ### p<0.001 vs cortisol. 

 

3.6. Effect of nutraceutical combination treatment on ROS levels 

Prolonged exposure to stress determines an abnormal and continuous secretion of glucocorticoids, leading to 

oxidative damage in the CNS [38]. In the absence of cortisol, nutraceutical mix did not cause an increase in 

oxidative damage, at [1’’] and [1’] concentrations. As expected, cortisol treatment significantly increased ROS 

levels (Figure 5). Challenging cells with the mix for 24 h before oxidant damage significantly prevented ROS 

formation at both sets of concentrations (Figure 5 MIX[1’’]+CORT or MIX[1’]+CORT). These data demonstrate 

that this nutraceutical combination protects against oxidative stress. Notably, similar results were obtained 

when the mix was administered following cortisol (Figure 5 CORT+MIX[1’’] or CORT+MIX[1’]), thus 

suggesting that the nutraceutical combination can rescue ROS imbalance induced by cellular stress, too. 

The effects displayed by the nutraceutical mix on ROS production were significantly higher with respect to 

those elicited by the single component, i.e., EPA/DHA, folic acid, vitamin E or magnesium (Supplementary 

Figure 5). 
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Figure 5. Evaluation of ROS levels. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM 

(MIX[1’’]+CORT or MIX[1’]+CORT). In post-treatment experiments, differentiated cells were challenged with 250 µM 

cortisol for 24 h, and then with the nutraceutical mix at [1’’] and [1’] for an additional 24 h (CORT+MIX[1’’] or 

CORT+MIX[1’]). Oxidative stress levels were assessed by H2DCFDA fluorometric probe. Data are the mean ± SEM of 

three different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% 

(control). Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: *** 

p<0.001 vs control; ## p<0.01, ### p<0.001 vs cortisol. 

 

3.7. Effect of cortisol treatment on anti-oxidative proteins 

Generally, the increase in oxidative stress determines an increase in cellular antioxidant defenses. Under acute 

stress conditions, Nrf2 dissociates from Keap1 and translocates into the nucleus where it may act as a 

transcription factor for antioxidant response genes [46]. In conditions of chronic stress, the Nrf2 pathway fails 

due to its degradation, depriving the cell of important antioxidant defenses [47].  

To explore the effect of nutraceutical mix on antioxidant defenses, a western blot assay was performed to 

detect Nrf2 and Keap1 proteins. As depicted in Figure 6a,a’, cortisol treatment induced a significant decrease 

in Nrf2 proteins levels, respectively. In contrast, the mix, tested at both concentrations, demonstrated the ability 

to prevent Nfr2-decrease induced by cortisol.  
These results demonstrate that cortisol mediates a reduction in the antioxidant activity of Nrf2-Keap1 complex, 

and that this nutraceutical combination is able to preserve the activity of Nrf2-Keap1 axis. 
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Figure 6. Evaluation of antioxidant protein levels. Following differentiation into cholinergic neurons, cells were treated 

with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. After 

incubation, cells were collected and lysed. Anti-oxidative proteins kelch-like ECH-associated protein 1 (Keap1) and 

nuclear factor-like 2 (Nrf2) levels were assessed by western blot analysis using the anti- Keap1 or anti- Nrf2 antibodies. 

A representative Western blotting is shown (a,b). Optical density was measured by Image Lab software (a’,b’). Data are 

the mean ± SEM of three different experiments and are reported as the percentage of untreated cells set to 100% (control). 

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** 

p<0.001 vs control; ## p<0.01, ### p<0.001 vs cortisol. 

3.8. Effect of the nutraceutical combination treatment on DNA damage 

Prolonged stress leads to an increase in reactive oxygen species [38] which in turn are responsible for DNA 

damage [48]. Considering that this nutraceutical combination was able to reduce stress-induced oxidative 

damage, we next verified whether it could preserve human neurons from DNA damage. For this purpose, 

histone H2AX phosphorylation was evaluated as a marker of DNA damage [49]. As depicted in Figure 7, the 

mix was able to reduce histone H2AX phosphorylation at both sets of dilutions tested, demonstrating to have 

an intrinsic capacity in DNA protection. As expected, cortisol significantly increased histone H2AX 

phosphorylation; this increase was significantly contrasted with supplement mix at both sets of concentrations 

(Figure 7). Taken together, these results demonstrate that pre-treatment of human neurons with this 

nutraceutical combination reduces histone H2AX phosphorylation and prevents cortisol-induced DNA 

damage.  
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Figure 7. Evaluation of DNA damage. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. DNA 

damage was assessed by evaluation of histone H2AX phosphorylation levels. Data are the mean ± SEM of three different 

experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). 

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, 

*** p<0.001 vs control; ### p<0.001 vs cortisol. 

3.9. Effect of the nutraceutical combination treatment on membrane fluidity 

In the absence of antioxidant defenses, the predisposition in the brain to develop radical species [2] and 

oxidative stress, caused by non-physiological levels of cortisol [50], is responsible for the impairment of 

membrane fluidity. In this context, the effect of nutraceutical combination on membrane fluidity was analyzed. 

In the absence of cortisol, the mix had no influence on membrane fluidity; whereas, cortisol greatly reduced 

it, nutraceutical mix was able to prevent this reduction at [1’’] and [1’] concentrations (Figure 8), 

demonstrating its ability to protect the cell membrane from damage caused by cortisol-induced oxidative stress. 

 

Figure 8. Evaluation of membrane fluidity. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. Membrane 

fluidity levels were assessed by fluorescence assay. Data are the mean ± SEM of three different experiments, each 

performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was 

performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01 vs control; ### p<0.001 vs 

cortisol. 
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3.10. Effect of the nutraceutical combination treatment on aging-related genes 

Alterations in the expression of genes such as brain-derived neurotrophic factor (BDNF) [51], cAMP response 

element-binding protein (CREB) [52], sirtuin (SIRT-1) [53] and plasticity-related gene 1 (PRG-1) have been 

related to different pathological mechanisms, including neuronal aging [54]. Challenging cholinergic neurons 

with the nutraceutical combination caused per se a significant enhancement in BDNF, SIRT1 and PRG-1 

(Figure 9a,b,c,d). Cortisol decreased significantly the transcriptional levels of BDNF, SIRT1, CREB and PRG-

1; the pre-treatment with the nutraceutical mix attenuated the cortisol-mediated decrease in the transcriptional 

levels of the examined genes, both at [1’’] and [1’] concentrations (Figure 9a,b,c,d). These results may suggest 

that this nutraceutical combination effects on the induction of BDNF, CREB, SIRT-1 and PRG-1 gene 

expression may contribute to its cytoprotective effects in aged cholinergic neurons.  

In order to study the effect of the mix on the induction of neurotrophic gene expression in a neural stem cell 

line, the H9-derived NSCs were used. Cortisol induced a significant reduction in the mRNA expressions of 

well-being-related factors (Supplementary Figure 6). Treatment with nutraceutical combination significantly 

prevented cortisol-induced effects, by reactivating the transcription of BDNF, CREB and SIRT-1 genes. The 

reduction in the expression of cortisol-induced genes, resulting in an increase in cellular well-being 

(Supplementary Figure 6). 

 

 

Figure 9. (a-d) Evaluation of genes expression related to well-being and neuronal plasticity. Following differentiation 

into cholinergic neurons, cells were treated with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an 

additional 24 h with cortisol at 250 µM.  At the end of the treatments, mRNA was extracted and the cDNA levels of 

BDNF (a), SIRT-1 (b), CREB (c) and PRG-1 (d) were quantified by real-time PCR analysis. Data are the mean ± SEM 

of three different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 1 

(control). Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * 

p<0.05, ** p<0.01, *** p<0.001 vs control; ### p<0.001 vs cortisol. 
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3.11. Effect of the nutraceutical combination treatment on inflammatory molecules expression 

During aging, the CNS inflammation process increases. In particular, COX-2 levels increase is generally 

closely related to ROS formation [55]. These observations lead to examining whether the nutraceutical 

combination reduces in turn COX-2 levels. In the absence of cortisol, [1’] concentrations significantly reduced 

COX-2 levels, proving to have an effect even on basal levels of the enzyme. As expected, cortisol induced an 

increase in COX-2, but the mix was able to restore COX-2 physiological levels (Figure 10a), demonstrating 

that it possesses a basic anti-inflammatory capacity and an ability to prevent an increase in inflammation 

induced by oxidative stress mechanism. To deepen nutraceutical combination anti-inflammatory function, IL-

6 and IL-8 were also quantified. Both interleukins participate in neurogenesis processes and their expression 

is affected in several of the main brain diseases [56, 57]. As Figures 10b,c show, in the absence of cortisol, 

nutraceutical combination did not cause any change in IL-6 or IL-8 levels, with respect to control. In contrast, 

the increase of interleukin, induced by cortisol, was prevented by the mix at both concentrations, with a greater 

action at the highest concentration. These data demonstrate that the mix is able to reduce oxidative stress-

induced inflammation. 

Figure 10. Evaluation of inflammatory signals. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. COX-2 (a) 

and interleukins (b,c) levels were assessed by specific enzyme immunoassay. The data are the mean ± SEM of three 

different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control).  

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, 

*** p<0.001 vs control; # p<0.05, ### p<0.001 vs cortisol. 

 

4. Discussion 

In the present study, neuroprotective properties of a nutraceutical combination were investigated in a model of 

cholinergic neurons. Specifically, the fix ratio of active compounds was demonstrated to have a protective role 

against mitochondrial dysfunction, inflammation and DNA damage. Moreover, challenging neuronal cells with 

this mix enhanced membrane fluidity and modulated overall gene transcription.  

The effects of a specific ratio of omega-3 fatty acid, folic acid, vitamin E and magnesium on membrane and 

cellular well-being was verified human neuroblastoma cell line differentiated into cholinergic neurons. The 

cholinergic system is involved in learning, memory and age-related dementia [58] and represents a valuable 

cellular model for exploring the nootropic properties of compounds. For this purpose, cells were challenged 

with cortisol for 24 h in order to mimic physiological brain stress that can be related to aging [28]. In the 

present study, it was selected from a mix of several active nutraceuticals, known in literature to exert 

individually an activity in the physiology of the central nervous system, to test the possibility of a 

complementary and/or synergistic action. The fixed ratio of active ingredients present in the nutraceutical 

combination was initially chosen as they did not reduce cell viability by more than 20%.  
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First, to investigate the action of cortisol, an MTS and an apoptosis assay were performed. Consistent with our 

data, a cortisol treatment induced a decrease in HT22 cells viability and an increase in apoptosis [28], 

comparable to NaN3 action in PC12 cells [39]. The mix significantly prevented cortisol- induced apoptosis. 

Consistently, EPA and DHA have been demonstrated to prevent cortisol-induced reduction in proliferation 

and increase in apoptosis in human hippocampal progenitor cell line [59]; at the same time, folic acid decreases 

astrocyte apoptosis by preventing oxidative stress-induced telomere attrition [60]. 

Assuming that high levels of cortisol regulate the expression of the ATP synthase genes at the mitochondrial 

level by reducing its expression [41], we challenged cholinergic neurons with cortisol and examined the ATP 

and ADP levels by calculating the ATP/ADP ratio. The results showed that nutraceutical combination 

significantly prevented the cortisol-mediated reduction of ATP and decrease in cell viability, at [1’] and [1’’] 

concentrations. Notably, these effects were mostly observed when the nutraceutical mix was administered 

following cortisol, thus evidencing the ability of the mix in restoring cortisol-induced energy imbalance and 

reverting its cytotoxic effects. Moreover, the effects displayed by the nutraceutical mix on ATP/ADP content 

were significantly higher with respect to those elicited by the single component, i.e., EPA/DHA, folic acid, 

vitamin E or magnesium, thus suggesting that additive/synergic effects may occur between the different 

nutraceutical components. Accordingly, literature reports similar synergistic cytoprotective or preventive 

effects of magnesium and Vitamin E [61], folic acid and vitamin B12 [62]. Among these papers, of particular 

relevance is the recent positive interaction of omega-3 fatty acid and vitamin E supplementation in improving 

working memory in older adults [63].  

It is not clear why the mix [1 '] greatly increased the ATP/ADP ratio after the hydrocortisone application. 

These interesting results lead to hypothesize that, under physiological conditions, the supplement should not 

have particular effects on increasing ATP production, because the cellular energy request has been already 

satisfied. When the cell is in a state of prolonged stress, it is probable that the higher concentration of the 

nutraceutical combination has a greater capacity (compared to the concentration [1 '']) to restore the cellular 

basal conditions, due to an activation of several targets by the nutraceuticals. Consistent with our data, it has 

been reported that omega-3 supplementation delays age-related mitochondrial dysfunction in the brains of 

young and elderly mice [64]. In addition, by increasing the PGC1α and SIRT1 gene expressions, co-treatment 

with omega-3 and vitamin E has beneficial effects in patients with coronary artery disease, leading to an 

increase in ATP level [65]. On the other hand, magnesium stimulates the activity of several mitochondrial 

enzymes, and it is responsible for transporting ATP from mitochondria to the cytosol, which is mediated by 

an ATP-Mg / Pi carrier [11]; in particular, treatment of LmnaG609G/+ mice with dietary magnesium increased 

H+-coupled mitochondrial NADPH and ATP synthesis [66]. 

Following reduction of ATP levels, a serine/threonine kinase is activated [43], triggering autophagy processes 

[44]. In the absence of cortisol, nutraceutical combination treatment was able to reduce autophagy markers; 

similarly, following stimulus with cortisol, nutraceutical ingredients were able to significantly decrease the 

autophagy process at both concentrations. A considerable reduction was evident at [1’] concentration probably 

because higher mix concentrations favored the restoration of a cellular well-being environment, thus blocking 

autophagy. The physiological role and limits of autophagy are still debated in the current literature. This 

process is essential for maintaining proper cellular function and its dysfunction is associated with cancer, 

neurodegeneration, and aging [67]. Several works have demonstrated that mTOR inhibition by omega 3 

induces autophagy processes, thus protecting cells from oxidative insults [68]. Conversely, other papers have 

demonstrated that antioxidant agents, including vitamin E, reduce autophagy markers in male Sprague-Dawley 

rats, relieving diabetic nephropathy [69], and that folic acid contrasts autophagosome formation in fatty liver 

disease rats [70]. In our hands, the presence of vitamin E and folic acid in the tested supplement, indeed 

composed by five-nutraceuticals, probably activates intracellular mechanisms that overcome omega 3-

associated pathways, finally reducing the autophagic processes in our cellular model. In conclusion, we might 

speculate that the reduction of the autophagic process, in the absence of cortisol, could represent a beneficial 

mechanism. In conditions of oxidative stress, triggered by cortisol, nutraceutical combination exerted 

cytoprotective effects by inducing cellular autophagy. 
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During aging, prolonged exposure to high levels of glucocorticoids [5] in combination with low antioxidant 

defenses [6], can induce reactive oxygen species leading to oxidative damage in the CNS [38]. Challenging 

cholinergic neurons with nutraceutical combination significantly prevented the cortisol-induced ROS levels 

and DNA damage, both at [1’’] and [1’] concentrations. Notably, as evidenced for the ATP/ADP ratio, these 

effects were mostly maintained when the nutraceutical mix was administered following cortisol, thus 

evidencing the ability of the mix in restoring cortisol-induced imbalance in ROS production. Consistent with 

our data, omega-3 suppressed ROS formation in cultured neurons and neuronal progenitor cells of PPT1-free 

mice [71]; vitamin E protected cortical neurons against oxidative stress [72] and folic acid stabilized DNA, 

reducing damage [9]. Simultaneously, magnesium suppresses ROS production in various tissues, leading to 

the formation of magnesium–oxygen species [11]. Moreover, the effects displayed by the nutraceutical mix on 

ROS production were significantly higher with respect to those elicited by the single component, i.e., 

EPA/DHA, folic acid, vitamin E or magnesium. Similarly,  Magnesium and Vitamin E co-supplementation 

have demonstrated a positive interaction on biomarkers of inflammation and oxidative stress in women with 

Polycystic Ovary Syndrome [61] and vitamin E has been proven to increase the biological effects of omega-3 

fatty acids on redox balance in naturally aged rats [73]. 

In conditions of acute stress, the cell antioxidant mechanisms were responsible for restoring cellular well-

being. One of the most important pathways is the Keap1/NRF2/ARE complex; under quiescent conditions, 

Nrf2 is anchored in the cytoplasm through binding to Keap1, which, in turn, facilitates the ubiquitination and 

subsequent proteolysis of Nrf2. Under stressful conditions, Nrf2 detaches from Keap1, translocates to the 

nucleus and activates a specific promoter sequence [74]. In contrast, in conditions of chronic stress, the Nrf2 

pathway fails due to its degradation, depriving the cell of important antioxidant defenses [47]. Consistent with 

the latter evidence, challenging cholinergic neurons with cortisol for 24 h, induced a decrease in Nrf2 and 

Keap1 levels. Interestingly, the nutraceutical combination was able to prevent the cortisol-associated decrease 

in Nfr2 and Keap1 levels. These data are of particular relevance considering that Nfr2-Keap1 signaling has 

been linked to protective mechanisms against oxidative stress and proteotoxicity in cells, including neurons 

[75]. Similarly, omega-3 has demonstrated to improve the antioxidative defense in rat astrocytes and peritoneal 

macrophages via an Nrf2-dependent mechanism [12].  

Brain aging is characterized by gene expression dysregulation of factors that influence neuronal plasticity and 

metabolism [1]. For this reason, we analyzed the expression of the CREB, BDNF, SIRT-1 and PRG1 genes 

[52, 51, 53, 54] in the SHSY-5Y cell line differentiated to cholinergic neurons and in the H9-derived NSC, in 

order to understand if the nutraceutical combination was able to regulate gene transcripts. These results 

demonstrated that the mix increases gene transcriptions of the mentioned transcripts, at [1’’] or [1’] 

concentrations and were equally able to prevent the reduction in cortisol-induced gene expression. Consistent 

with our data, omega-3 normalizes BDNF and CREB levels after traumatic brain injury in rats [76] and vitamin 

E enhances BDNF-TrkB-CREB signaling pathway in rats with cognitive impairment [77]. At the same time, 

omega-3 and vitamin E increase gene expression of SIRT1 and improve the response to oxidative stress in 

patients with coronary artery disease [65]. To date, no data in literature explored omega-3 or vitamin E effect 

on PRG1 expression. The lack of data on the action of folic acid on the expression of genes such as BDNF, 

CREB and SIRT1 could lie in the fact that its function is to prevent the accumulation of DNA damage in 

neurons caused by oxidative stress [78].  

As a last evaluation step, the anti-inflammatory effects were tested in cholinergic neurons subjected to 

oxidative stress with cortisol. It is known that, during aging, CNS inflammation increases [5], therefore, COX-

2 levels were evaluated as a value parameter linked to the presence of free radicals [79]. Challenging cells with 

the nutraceutical combination prevented cortisol-induced increase in inflammation. Consistent with our data, 

omega-3 is reported to show anti-inflammatory properties in rats with global ischemia [80], vitamin E inhibits 

COX-2 activity in human adenocarcinoma cells [81] and folic acid inhibits the proinflammatory action of 

COX-2 in rats given nicotine [82].  

To deepen nutraceutical combination anti-inflammatory function, IL-6 and IL-8 were also quantified. 

Although neuronal cells are not largely deputed for the release of cytokines and pro-inflammatory molecules, 

literature reports that cytokines are proteins secreted in the central nervous system by microglia, astrocytes and 
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infiltrating peripheral immune cells and neurons too, under physiological and pathological conditions [83]. In 

the brain, cytokines are constitutively expressed in various brain regions by activated glial and neuronal cells 

[84, 34] and are involved in several normal and pathological processes including neuronal development, 

modulation of neurotransmitter metabolism and synaptic plasticity.  

Challenging cells with the nutraceutical mix prevented cortisol-induced increase in IL-6 and IL-8 levels, with 

greater effectiveness at [1'] concentration. Consistent with our data, omega-3 were able to reduce inflammatory 

interleukins in a model of endothelial cells [85].  

5. Conclusions 

In human cholinergic neuronal-like cells, the nutraceutical combination was proven to: (i) prevent and revert 

the oxidative stress, energy imbalance and viability reduction induced by cortisol; (ii) prevent cortisol-induced 

DNA damage and disbalance in autophagy mechanism; (iii) increase membrane fluidity and transcription of 

genes related to cellular well-being; (iv) exert an anti-inflammatory effect by preventing COX2, IL-6 and IL-

8 accumulation. Overall, these results confirm the complementary beneficial effects of simultaneous 

administration of omega-3, vitamin E, folic acid, and magnesium suggesting this nutraceutical combination as 

promising agent to preserve cholinergic neurons. In this sense, a recent report suggests the benefits of a 

combination of magnesium, folic acid, omega-3 fatty acids and vitamin E as a food supplement to complement 

brain functioning [86].  

Author Contributions: E.Z. carried out biological experiments, analyzed the data and wrote the manuscript; 

S.D. was involved in scientific supervision and manuscript revision; L.C. and E.C. performed experiments and 

analyzed the data;  C.M. was involved in funding acquisition and project supervision; M.V. was involved in 

scientific contribution and manuscript revision; G.M. was involved in project management, scientific 

contribution, and manuscript revision; L.D. was involved in scientific supervision, L.R. was involved in project 

supervision. All authors have read and agree to the published version of the manuscript. 

Funding: This research was funded by Angelini Pharma S.P.A. 

 

Declarations of interest: none. 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1177/2398212820953706
https://doi.org/10.3389/fncel.2016.00270
https://doi.org/10.1016/j.cellsig.2015.04.006
https://doi.org/10.3390/molecules25194466
https://doi.org/10.12688/f1000research.75856.1


 

References 

[1] Mattson M.P., Arumugam T.V., Hallmarks of Brain Aging, Adaptive and Pathological Modification by 

Metabolic States, Cell Metab. 27 (2018),1176-1199, https://doi.org/10.1016/j.cmet.2018.05.011 

[2] Castelli V., Benedetti E., Antonosante A., Catanesi M., Pitari G., Ippoliti R., Cimini A., d'Angelo M., 

Neuronal Cells Rearrangement During Aging and Neurodegenerative Disease, Metabolism, Oxidative 

Stress and Organelles Dynamic, Front Mol Neurosci. 12 (2019), 132, 

https://doi.org/10.3389/fnmol.2019.00132  

[3] Lupo G., Gioia R., Nisi P.S., Biagioni S., Cacci E., Molecular Mechanisms of Neurogenic Aging in the 

Adult Mouse Subventricular Zone, J Exp Neurosci. 13 (2019), 1-10 

https://doi.org/10.1177/1179069519829040     

[4] Jin W.N., Shi K., He W., Sun J.H., Van Kaer L., Shi F.D., Liu Q., Neuroblast senescence in the aged brain 

augments natural killer cell cytotoxicity leading to impaired neurogenesis and cognition, Nat Neurosci. 24 

(2021), 61-73, https://doi.org/10.1038/s41593-020-00745-w 

[5] Yau J.L., Seckl J.R., Local amplification of glucocorticoids in the aging brain and impaired spatial 

memory, Front Aging Neurosci. 4 (2012), 24,  https://doi.org/10.3389/fnagi.2012.00024  

[6] Salim S., Oxidative Stress and the Central Nervous System, J Pharmacol Exp Ther. 360 (2017), 201-205, 

https://doi.org/10.1124/jpet.116.237503 

[7] Muscaritoli M., The Impact of Nutrients on Mental Health and Well-Being, Insights from the Literature, 

Front Nutr. 8 (2021), 656290, https://doi.org/10.3389/fnut.2021.656290 

[8] Balashova O.A., Visina O., Borodinsky L.N., Folate action in nervous system development and disease, 

Dev Neurobiol. 78 (2018), 391-402, https://doi.org/10.1002/dneu.22579 

[9] Duthie S.J., Narayanan S., Brand G.M., Pirie L., Grant G., Impact of folate deficiency on DNA stability, 

J Nutr. 132 (2002), 2444S-2449S, https://doi.org/10.1093/jn/132.8.2444S 

[10] Joshi Y.B., Praticò D., Vitamin E in aging, dementia, and Alzheimer's disease, Biofactors. 38 (2012), 90-

7,  https://doi.org/10.1002/biof.195 

[11]  Yamanaka R., Shindo Y., Oka K., Magnesium Is a Key Player in Neuronal Maturation and 

Neuropathology, Int J Mol Sci. 20 (2019), 3439, https://doi.org/10.3390/ijms20143439 

[12] Zgórzyńska E., Dziedzic B., Gorzkiewicz A., Stulczewski D., Bielawska K., Su K.P., Walczewska A., 

Omega-3 polyunsaturated fatty acids improve the antioxidative defense in rat astrocytes via an Nrf2-

dependent mechanism, Pharmacol Rep. 69 (2017), 935-942, https://doi.org/10.1016/j.pharep.2017.04.009 

[13] Swanson D., Block R., Mousa S.A., Omega-3 fatty acids EPA and DHA, health benefits throughout life, 

Adv Nutr. 3 (2012), 1-7, https://doi.org/10.3945/an.111.000893 

[14] Cuestas Torres D.M., Cardenas F.P., Synaptic plasticity in Alzheimer's disease and healthy aging, Rev 

Neurosci. 31 (2020), 245-268, https://doi.org/10.1515/revneuro-2019-0058 

[15] Millner A., Atilla-Gokcumen G.E., Lipid Players of Cellular Senescence, Metabolites. 10 (2020), 339, 

https://doi.org/10.3390/metabo10090339 

[16] Cutuli D., Functional and Structural Benefits Induced by Omega-3 Polyunsaturated Fatty Acids During 

Aging, Curr Neuropharmacol. 15 (2017), 534-542, 

https://doi.org/10.2174%2F1570159X14666160614091311 

[17] Ward R.J., Dexter D.T-, Crichton R.R., Ageing, neuroinflammation and neurodegeneration, Front Biosci 

(Schol Ed). 7 (2015), 189-204, https://doi.org/10.2741/s433 

https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.3389/fnmol.2019.00132
https://doi.org/10.1177/1179069519829040
https://doi.org/10.1038/s41593-020-00745-w
https://doi.org/10.3389/fnagi.2012.00024
https://doi.org/10.3389/fnut.2021.656290
https://doi.org/10.1002/dneu.22579
https://doi.org/10.1093/jn/132.8.2444S
https://doi.org/10.1002/biof.195
https://doi.org/10.3390/ijms20143439
https://doi.org/10.1016/j.pharep.2017.04.009
https://doi.org/10.3945/an.111.000893
https://doi.org/10.3390/metabo10090339
https://doi.org/10.2741/s433


 

[18] Singh M., Essential fatty acids, DHA and human brain, Indian journal of pediatrics. 72, 3 (2005) 239–

242, https://doi.org/10.1017/S0029665108007167 

[19] Kris-Etherton P.M, Grieger J.A, Etherton T.D., Dietary reference intakes for DHA and EPA, 

Prostaglandins, Leukotrienes and Essential Fatty Acids. 81 (2009), 99-104, 

https://doi.org/10.1016/j.plefa.2009.05.011 

[20] Li J, Pora B.L.R, Dong K, Hasjim J, Health benefits of docosahexaenoic acid and its bioavailability: A 

review, Food Sci Nutr. 9 (2021), 5229– 5243, https://doi.org/10.1002/fsn3.2299 

[21]      Rizvi S., Raza S.T., Ahmed F., Ahmad A., Abbas S., Mahdi F., The role of vitamin E in human health 

and some diseases, Sultan Qaboos University Medical Journal. 14, 2 (2014), e157-e165.  

[22] Shahidi F., Pinaffi-Langley A.C.C., Fuentes J., Speisky H., de Camargo A.C.,Vitamin E as an essential 

micronutrient for human health: Common, novel, and unexplored dietary sources, Free Radical Biology 

and Medicine. 176 (2021), 312-321, https://doi.org/10.1016/j.freeradbiomed.2021.09.025 

[23] Rigotti A., Absorption, transport, and tissue delivery of vitamin E, Molecular aspects of medicine. 28, 5-

6 (2007), 423-436, https://doi.org/10.1016/j.mam.2007.01.002 

[24] Blaszczyk U., Duda-Chodak A., Magnesium: its role in nutrition and carcinogenesis, Roczniki 

Państwowego Zakładu Higieny. 64, 3 (2013), 165-171. 

[25] Cazzola R., Della Porta M., Manoni M., Iotti S., Pinotti L., Maier J.A., Going to the roots of reduced 

magnesium dietary intake: A tradeoff between climate changes and sources, Heliyon. 6, 11 (2020), e05390, 

https://doi.org/10.1016/j.heliyon.2020.e05390 

[26] Blancquaert D., Storozhenko S., Loizeau K., De Steur H., De Brouwer V., Viaene J., Ravanel S., Rébeillé 

F., Lambert F., Van Der Straeten D., Folates and folic acid: from fundamental research toward sustainable 

health, Critical Reviews in Plant Science. 29, 1 (2010), 14-35, 

https://doi.org/10.1080/07352680903436283 

[27] Suitor C.W., Bailey L.B., Dietary folate equivalents: interpretation and application, Journal of the 

American Dietetic Association. 100, 1 (2000), 88-94, https://doi.org/10.1016/S0002-8223(00)00027-4 

[28] Xu B., Lang L.M., Li S.Z-, Guo J.R., Wang J.F., Wang D., Zhang L.P., Yang H.M., Lian S., Cortisol 

Excess-Mediated Mitochondrial Damage Induced Hippocampal Neuronal Apoptosis in Mice Following 

Cold Exposure, Cells. 8 (2019), 612, https://doi.org/10.3390/cells8060612 

[29] Goldie B.J., Barnett M.M., Cairns M.J., BDNF and the maturation of posttranscriptional regulatory 

networks in human SH-SY5Y neuroblast differentiation, Frontiers in cellular neuroscience. 8 (2014), 325, 

https://doi.org/10.3389/fncel.2014.00325 

[30] Martínez M.A., Rodríguez, J.L., Lopez⁃  Torres B., Martínez M., Martínez- Larrañaga M.R., 

Maximiliano J.E., Anadón A., Ares I., Use of human neuroblastoma SH⁃  SY5Ycells to evaluate 

glyphosate⁃  induced effects on oxidative stress, neuronal development and cell death signaling pathways, 

Environ Int. 135 (2020), 105414, https://doi.org/10.1016/j.envint.2019.105414 

[31] de Medeiros L.M., De Bastiani M.A., Rico E.P., Schonhofen P., Pfaffenseller B., Wollenhaupt-Aguiar 

B., Grun L., Barbé-Tuana F., Zimmer E.R., Castro M.A.A., Parsons R.B., Klamt F., Cholinergic 

Differentiation of Human Neuroblastoma SH-SY5Y Cell Line and Its Potential Use as an In vitro Model 

for Alzheimer's Disease Studies, Mol Neurobiol. 56 (2019), 7355-7367, https://doi.org/10.1007/s12035-

019-1605-3  

[32] Piano I., Di Paolo M., Corsi F., Piragine E., Bisti S., Gargini C., Di Marco S., Retinal Neurodegeneration, 

Correlation between Nutraceutical Treatment and Animal Model, Nutrients. 13 (2021), 770, 

https://doi.org/10.3390/nu13030770 

https://doi.org/10.1017/S0029665108007167
https://doi.org/10.1002/fsn3.2299
https://doi.org/10.1016/j.freeradbiomed.2021.09.025
https://doi.org/10.1016/j.mam.2007.01.002
https://doi.org/10.1016/j.heliyon.2020.e05390
https://doi.org/10.1080/07352680903436283
https://doi.org/10.1016/S0002-8223(00)00027-4
https://doi.org/10.3390/cells8060612
https://doi.org/10.3389/fncel.2014.00325
https://doi.org/10.1016/j.envint.2019.105414
https://doi.org/10.1007/s12035-019-1605-3
https://doi.org/10.1007/s12035-019-1605-3
https://doi.org/10.3390/nu13030770


 

[33] Daniele S., Da Pozzo E., Iofrida C., Martini C., Human Neural Stem Cell Aging Is Counteracted by α-

Glycerylphosphorylethanolamine, ACS Chem Neurosci. 7 (2016), 952-963, 

https://doi.org/10.1021/acschemneuro.6b00078  

[34] Daniele S., Da Pozzo E., Zappelli E., Martini C., Trazodone treatment protects neuronal-like cells from 

inflammatory insult by inhibiting NF-κB, p38 and JNK, Cell Signal. 27 (2015), 1609-1629, 

https://doi.org/10.1016/j.cellsig.2015.04.006  

[35] Daniele S., Mangano G., Durando L., Ragni L., Martini C., The Nootropic Drug Α-Glyceryl-Phosphoryl-

Ethanolamine Exerts Neuroprotective Effects in Human Hippocampal Cells, Int J Mol Sci. 21 (2020), 941, 

https://doi.org/10.3390/ijms21030941 

[36] Daniele S., Giacomelli C., Zappelli E., Granchi C., Trincavelli M.L., Minutolo F., Martini C., Lactate 

dehydrogenase-A inhibition induces human glioblastoma multiforme stem cell differentiation and death, 

Sci Rep. 5 (2015), 15556, https://dx.doi.org/10.1038/srep15556  

[37] Schliebs R., Arendt T., The cholinergic system in aging and neuronal degeneration, Behav Brain Res. 221 

(2011), 555-563, https://doi.org/10.1016/j.bbr.2010.11.058 

[38] Sato H., Takahashi T., Sumitani K., Takatsu H., Urano S., Glucocorticoid Generates ROS to Induce 

Oxidative Injury in the Hippocampus, Leading to Impairment of Cognitive Function of Rats, J Clin 

Biochem Nutr. 47 (2010), 224-32, https://doi.org/10.3164/jcbn.10-58 

[39] Zuo Y., Hu J., Xu X., Gao X., Wang Y., Zhu S., Sodium azide induces mitochondria-mediated apoptosis 

in PC12 cells through Pgc-1α-associated signaling pathway, Mol Med Rep. 19 (2019), 2211-2219, 

https://doi.org/10.3892/mmr.2019.9853  

[40] Ru-yi Z., Xu Z., Lan Z., Yan-chuan W., Xue-jing S., Lin L., Tetrahydroxystilbene glucoside protects 

against sodium azide-induced mitochondrial dysfunction in human neuroblastoma cells, Chinese Herbal 

Medicines. 13 (2021), 255-260, https://doi.org/10.1016/j.chmed.2020.11.007 

[41] Hunter R.G., Seligsohn M., Rubin T.G., Griffiths B.B., Ozdemir Y., Pfaff D.W., Datson N.A., McEwen 

B.S., Stress and corticosteroids regulate rat hippocampal mitochondrial DNA gene expression via the 

glucocorticoid receptor, Proc Natl Acad Sci U S A. 113 (2016), 9099-104, 

https://doi.org/10.1073/pnas.1602185113 

[42] Parzych K.R., Klionsky D.J., An overview of autophagy, morphology, mechanism, and regulation, 

Antioxid Redox Signal. 20 (2014), 460-73, https://doi.org/10.1089/ars.2013.5371 

[43] Ronnett G.V., Ramamurthy S., Kleman A.M., Landree L.E., Aja S., AMPK in the brain, its roles in energy 

balance and neuroprotection, J Neurochem. 109 (2009), 17-23, https://doi.org/10.1111/j.1471-

4159.2009.05916.x   

[44] Hansen M., Rubinsztein D.C., Walker D.W., Autophagy as a promoter of longevity, insights from model 

organisms, Nat Rev Mol Cell Biol. 19 (2018), 579-593, https://doi.org/10.1038/s41580-018-0033-y  

[45] Benito-Cuesta I., Diez H., Ordoñez L., Wandosell F., Assessment of Autophagy in Neurons and Brain 

Tissue, Cells. 6 (2017), 25, https://doi.org/10.3390/cells6030025 

[46] Kang K.W., Lee S.J., Kim S.G., Molecular mechanism of nrf2 activation by oxidative stress, Antioxid 

Redox Signal. 7 (2005), 1664-1673, https://doi.org/10.1089/ars.2005.7.1664 

[47] Kanninen K., White A.R., Koistinaho J., Malm T., Targeting Glycogen Synthase Kinase-3β for 

Therapeutic Benefit against Oxidative Stress in Alzheimer's Disease, Involvement of the Nrf2-ARE 

Pathway, Int J Alzheimers Dis. (2011), 985085, https://doi.org/10.4061/2011/985085   

[48] Evans M.D., Dizdaroglu M., Cooke M.S., Oxidative DNA damage and disease, induction, repair and 

significance, Mutat Res. 567 (2004), 1-61, https://doi.org/10.1016/j.mrrev.2003.11.001 

https://doi.org/10.1021/acschemneuro.6b00078
https://doi.org/10.1016/j.cellsig.2015.04.006
https://doi.org/10.3390/ijms21030941
https://dx.doi.org/10.1038/srep15556
https://doi.org/10.1016/j.bbr.2010.11.058
https://doi.org/10.3164/jcbn.10-58
https://doi.org/10.3892/mmr.2019.9853
https://doi.org/10.1016/j.chmed.2020.11.007
https://doi.org/10.1073/pnas.1602185113
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1111/j.1471-4159.2009.05916.x
https://doi.org/10.1111/j.1471-4159.2009.05916.x
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.3390/cells6030025
https://doi.org/10.1089/ars.2005.7.1664
https://doi.org/10.4061/2011/985085
https://doi.org/10.1016/j.mrrev.2003.11.001


 

[49] Sharma A., Singh K., Almasan A., Histone H2AX phosphorylation, a marker for DNA damage. Methods 

Mol Biol. 920 (2012), 613-26, https://doi.org/10.1007/978-1-61779-998-3_40 

[50] Whiting K.P., Restall C.J., Brain P.F., Steroid hormone-induced effects on membrane fluidity and their 

potential roles in non-genomic mechanisms, Life Sci. 67 (2000), 743-57, https://doi.org/10.1016/S0024-

3205(00)00669-X 

[51] Molinari C., Morsanuto V., Ruga S., Notte F., Farghali M., Galla R., Uberti F., The Role of BDNF on 

Aging-Modulation Markers, Brain Sci. 10 (2020), 285, https://doi.org/10.3390/brainsci10050285 

[52] Yu X.W., Oh M.M., Disterhoft J.F., CREB, cellular excitability, and cognition, Implications for aging, 

Behav Brain Res. 322 (2017), 206-211, https://doi.org/10.1016/j.bbr.2016.07.042 

[53] Herskovits A.Z., Guarente L., SIRT1 in neurodevelopment and brain senescence, Neuron. 81 (2014), 471-

483, https://doi.org/10.1016/j.neuron.2014.01.028 

[54] Bräuer A.U., Savaskan N.E., Kühn H., Prehn S., Ninnemann O., Nitsch R., A new phospholipid 

phosphatase, PRG-1, is involved in axon growth and regenerative sprouting, Nat Neurosci. 6 (2003), 572-

578, https://doi.org/10.1038/nn1052 

[55] Luo C., Urgard E., Vooder T., Metspalu A., The role of COX-2 and Nrf2/ARE in anti-inflammation and 

antioxidative stress, Aging and anti-aging, Med Hypotheses. 77 (2011), 174-8, 

https://doi.org/10.1016/j.mehy.2011.04.002 

[56] Erta M., Quintana A., Hidalgo J., Interleukin-6, a major cytokine in the central nervous system, Int J Biol 

Sci. 8 (2012), 1254-66., https://doi.org/10.7150/ijbs.4679 

[57] McLarnon J.G., Chemokine Interleukin-8 (IL-8) in Alzheimer’s and Other Neurodegenerative Diseases, 

J Alzheimers Dis Parkinsonism. 6 (2016), 5, http://dx.doi.org/10.4172/2161-0460.1000273 

[58] Haam J., Yakel J.L., Cholinergic modulation of the hippocampal region and memory function, J 

Neurochem.142 (2017), 111-121, https://doi.org/10.1111/jnc.14052 

[59] Borsini A., Stangl D., Jeffries A.R., Pariante C.M., Thuret S., The role of omega-3 fatty acids in 

preventing glucocorticoid-induced reduction in human hippocampal neurogenesis and increase in 

apoptosis, Transl Psychiatry. 10 (2020), 219, https://doi.org/10.1038/s41398-020-00908-0 

[60] Li W., Ma Y., Li Z., Lv X., Wang X., Zhou D., Luo S., Wilson J.X., Huang G., Folic Acid Decreases 

Astrocyte Apoptosis by Preventing Oxidative Stress-Induced Telomere Attrition, Int J Mol Sci. 21 (2019), 

62, https://doi.org/10.3390/ijms21010062 

[61] Shokrpour M., Asemi Z., The Effects of Magnesium and Vitamin E Co-Supplementation on Hormonal 

Status and Biomarkers of Inflammation and Oxidative Stress in Women with Polycystic Ovary Syndrome, 

Biological trace element research, 191, 1 (2019), 54-60, https://doi.org/10.1007/s12011-018-1602-9  

[62] Mukherjee S., Das D., Mukherjee M., Das A.S., Mitra C., Synergistic effect of folic acid and vitamin B12 

in ameliorating arsenic-induced oxidative damage in pancreatic tissue of rat, The Journal of nutritional 

biochemistry. 17, 5 (2006, 319-327, https://doi.org/10.1016/j.jnutbio.2005.08.003 

[63] Power R., Nolan J. M., Prado-Cabrero A., Roche W., Coen R., Power T., Mulcahy R., Omega-3 fatty 

acid, carotenoid and vitamin E supplementation improves working memory in older adults: A randomised 

clinical trial, Clinical Nutrition. 41, 2 (2022), 405-414, https://doi.org/10.1016/j.clnu.2021.12.004 

[64] Afshordel S., Hagl S., Werner D., Röhner N., Kögel D., Bazan N.G., Eckert G.P., Omega-3 

polyunsaturated fatty acids improve mitochondrial dysfunction in brain aging--impact of Bcl-2 and NPD-

1 like metabolites, Prostaglandins Leukot Essent Fatty Acids. 92 (2015), 23-31, 

https://doi.org/10.1016/j.plefa.2014.05.008  

https://doi.org/10.1016/S0024-3205(00)00669-X
https://doi.org/10.1016/S0024-3205(00)00669-X
https://doi.org/10.3390/brainsci10050285
https://doi.org/10.1016/j.bbr.2016.07.042
https://doi.org/10.1016/j.neuron.2014.01.028
https://doi.org/10.1038/nn1052
https://doi.org/10.1016/j.mehy.2011.04.002
https://doi.org/10.3390/ijms21010062
https://doi.org/10.1016/j.jnutbio.2005.08.003
https://doi.org/10.1016/j.clnu.2021.12.004
https://doi.org/10.1016/j.plefa.2014.05.008


 

[65] Saboori S., Koohdani F., Nematipour E., Yousefi Rad E., Saboor-Yaraghi A.A., Javanbakht M.H., 

Eshraghian M.R., Ramezani A., Djalali M., Beneficial effects of omega-3 and vitamin E coadministration 

on gene expression of SIRT1 and PGC1α and serum antioxidant enzymes in patients with coronary artery 

disease, Nutr Metab Cardiovasc Dis. 26 (2016), 489-94, https://doi.org/10.1016/j.numecd.2015.11.013  

[66] Villa-Bellosta R., Dietary magnesium supplementation improves lifespan in a mouse model of progeria, 

EMBO Mol Med. 12 (2020), e12423, https://doi.org/10.15252/emmm.202012423 

[67] Mizushima N., Levine B., Cuervo A.M., Klionsky D.J., Autophagy fights disease through cellular self-

digestion, Nature. 451 (2008), 1069-1075, https://doi.org/10.1038/nature06639 

[68] Shirooie S., Nabavi S.F., Dehpour A.R., Belwal T., Habtemariam S., Argüelles S., Sureda A., Daglia M., 

Tomczyk M., Sobarzo-Sanchez E., Xu S., Nabavi S.M., Targeting mTORs by omega-3 fatty acids, A 

possible novel therapeutic strategy for neurodegeneration?, Pharmacol Res. 135 (2018), 37-48, 

https://doi.org/10.1016/j.phrs.2018.07.004 

[69] Zhao Y., Zhang W., Jia Q., Feng Z., Guo J., Han X., Liu Y., Shang H., Wang Y., Liu W.J., High Dose 

Vitamin E Attenuates Diabetic Nephropathy via Alleviation of Autophagic Stress, Front Physiol. 9 (2019), 

1939, https://doi.org/10.3389/fphys.2018.01939 

[70] Youssry S., Kamel M.A., Effect of folate supplementation on immunological and autophagy markers in 

experimental nonalcoholic fatty liver disease, Eur Cytokine Netw. 30 (2019), 135-143, 

https://doi.org/10.1684/ecn.2019.0437  

[71] Kim S.J., Zhang Z., Saha A., Sarkar C., Zhao Z., Xu Y., Mukherjee A.B., Omega-3 and omega-6 fatty 

acids suppress ER- and oxidative stress in cultured neurons and neuronal progenitor cells from mice 

lacking PPT1, Neurosci Lett. 479 (2010), 292-6, https://doi.org/10.1016/j.neulet.2010.05.083 

[72] Zakharova I.O., Sokolova T.V., Vlasova Y.A., Bayunova L.V., Rychkova M.P., Avrova N.F., α-

Tocopherol at Nanomolar Concentration Protects Cortical Neurons against Oxidative Stress, Int J Mol Sci. 

18 (2017), 216, https://doi.org/10.3390/ijms18010216   

[73] Narayanankutty A., Kottekkat A., Mathew S.E., Illam S.P., Suseela I.M., Raghavamenon A.C., Vitamin 

E supplementation modulates the biological effects of omega-3 fatty acids in naturally aged rats, 

Toxicology mechanisms and methods. 27, 3 (2017), 207-214, 

https://doi.org/10.1080/15376516.2016.1273431 

[74] Ahmed S.M., Luo L., Namani A., Wang X.J., Tang X., Nrf2 signaling pathway, Pivotal roles in 

inflammation, Biochim Biophys Acta Mol Basis Dis. 1863 (2017), 585-597, 

https://doi.org/10.1016/j.bbadis.2016.11.005 

[75] Dodson M., Redmann M., Rajasekaran N. S., Darley-Usmar V., Zhang, J., KEAP1–NRF2 signalling and 

autophagy in protection against oxidative and reductive proteotoxicity, Biochemical Journal. 469, 3 

(2015), 347-355, https://doi.org/10.1042/BJ20150568 

[76] Wu A., Ying Z., Gomez-Pinilla., Dietary omega-3 fatty acids normalize BDNF levels, reduce oxidative 

damage, and counteract learning disability after traumatic brain injury in rats, J Neurotrauma. 21 (2004), 

1457-1467, https://doi.org/10.1089/neu.2004.21.1457 

[77] Nagib M.M., Tadros M.G., Rahmo R.M., Sabri N.A., Khalifa A.E., Masoud S.I., Ameliorative Effects of 

α-Tocopherol and/or Coenzyme Q10 on Phenytoin-Induced Cognitive Impairment in Rats, Role of VEGF 

and BDNF-TrkB-CREB Pathway, Neurotox Res. 35 (2019), 451-462, https://doi.org/10.1007/s12640-

018-9971-6 

[78] Mattson M.P., Gene-diet interactions in brain aging and neurodegenerative disorders, Ann Intern Med. 

139 (2003), 441-444, https://doi.org/10.7326/0003-4819-139-5_Part_2-200309021-00012 

[79] Jacinto T.A., Meireles G.S., Dias A.T., Aires R., Porto M.L., Gava A.L., Vasquez E.C., Pereira T.M.C., 

Campagnaro B.P., Meyrelles S.S., Increased ROS production and DNA damage in monocytes are 

https://doi.org/10.1016/j.numecd.2015.11.013
https://doi.org/10.15252/emmm.202012423
https://doi.org/10.1016/j.phrs.2018.07.004
https://doi.org/10.3389/fphys.2018.01939
https://doi.org/10.1016/j.neulet.2010.05.083
https://doi.org/10.3390/ijms18010216
https://doi.org/10.1080/15376516.2016.1273431
https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.1042/BJ20150568
https://doi.org/10.1089/neu.2004.21.1457
https://doi.org/10.7326/0003-4819-139-5_Part_2-200309021-00012


 

biomarkers of aging and atherosclerosis, Biol Res. 51 (2018), 33, https://doi.org/10.1186/s40659-018-

0182-7  

[80] Nobre M.E., Correia A.O., Mendonça F.N., Uchoa L.R., Vasconcelos J.T., de Araújo C.N., Brito G.A., 

Siqueira R.M., Cerqueira Gdos S., Neves K.R., Arida R.M., Viana G.S., Omega-3 Fatty Acids, Possible 

Neuroprotective Mechanisms in the Model of Global Ischemia in Rats, J Nutr Metab. 2016 (2016), 

6462120, https://doi.org/10.1155/2016/6462120 

[81] Shibata A., Nakagawa K., Sookwong P., Tsuduki T., Tomita S., Shirakawa H., Komai M., Miyazawa T., 

Tocotrienol inhibits secretion of angiogenic factors from human colorectal adenocarcinoma cells by 

suppressing hypoxia-inducible factor-1alpha, J Nutr. 138 (2008), 2136-42, 

https://doi.org/10.3945/jn.108.093237 

[82] Ahmed M.A., Kamal H.M., Taha A.M., Abd-Allateef S.F., Folic acid protects against experimental 

prenatal nicotine-induced cardiac injury by decreasing inflammatory changes, serum TNF and COX-2 

expression, Pathophysiology. 25 (2018), 151-156, https://doi.org/10.1016/j.pathophys.2018.04.001 

[83] Brydges N.M, Reddaway J., Neuroimmunological effects of early life experiences, Brain and 

Neuroscience Advances. 4 (2020), 1-13, https://doi.org/10.1177/2398212820953706 

[84] Lim J.C., Lu W., Beckel J.M.,  Mitchell C.H., Neuronal release of cytokine IL-3 triggered by 

mechanosensitive autostimulation of the P2X7 receptor is neuroprotective, Frontiers in cellular 

neuroscience. 10 (2016), 270, https://doi.org/10.3389/fncel.2016.00270 

[85] Maucher D., Schmidt B., Kuhlmann K., Schumann J., Polyunsaturated Fatty Acids of Both the Omega-3 

and the Omega-6 Family Abrogate the Cytokine-Induced Upregulation of miR-29a-3p by Endothelial 

Cells, Molecules. 25 (2020), 4466, https://doi.org/10.3390/molecules25194466  

[86] Businaro R., Food supplements to complement brain functioning: the benefits of a combination of 

magnesium, folic acid, omega-3 fatty acids and vitamin E [version 1; peer review: 1 approved], 

F1000Research. 11 (2022), 140, https://doi.org/10.12688/f1000research.75856.1 

 

https://doi.org/10.1155/2016/6462120
https://doi.org/10.3945/jn.108.093237
https://doi.org/10.1016/j.pathophys.2018.04.001
https://doi.org/10.1177/2398212820953706
https://doi.org/10.3389/fncel.2016.00270
https://doi.org/10.3390/molecules25194466
https://doi.org/10.12688/f1000research.75856.1


Graphical Abstract Click here to access/download;Graphical Abstract;GRAPHICAL ABSTRACT.jpg

https://www.editorialmanager.com/phanu/download.aspx?id=28346&guid=c0cff95f-f24c-4313-aca4-aed6e0a69e90&scheme=1
https://www.editorialmanager.com/phanu/download.aspx?id=28346&guid=c0cff95f-f24c-4313-aca4-aed6e0a69e90&scheme=1


Abbreviations: 7-AAD, amino-actinomycin D; BDNF, brain-derived neurotrophic factor; bFGF basic fibroblast growth factor; ChAT, 

choline acetyltransferase; CNS, central nervous system; CORT, cortisol; CREB, cAMP response element-binding protein;  DHA, 

docosahexaenoic acid; EGF, epidermal growth factor; EPA, eicosapentaenoic acid; FA, folic acid; FBS, fetal bovine serum; FITC, 

fluorescein isothiocyanate; H2DCFDA, fluorogenic dye 2′,7′-dichlorofluorescin diacetate; Keap1, kelch-like ECH-associated protein 

1; LC3β, microtubule-associated protein light chain-3; Nrf2, nuclear factor-like 2; NSC, neural stem cells; PBS, phosphate buffered 

saline; PRG-1, plasticity-related gene 1; PUFA, polyunsaturated fatty acids; RA, retinoic acid; ROS, reactive oxygen species; SIRT-1, 

sirtuin.  

 

 

A Specific Combination of Nutraceutical Ingredients exerts 

cytoprotective effects in human cholinergic neurons. 

Elisa Zappelli1, Simona Daniele1*, Matteo Vergassola2, Lorenzo Ceccarelli1, 

Elisa Chelucci 1, Giorgina Mangano3, Lucia Durando3, Lorella Ragni2 and 

Claudia Martini1* 

1Department of Pharmacy, University of Pisa, via Bonanno Pisano 6, 56126 Pisa, Italy; e.zappelli@studenti.unipi.it; simona.daniele@unipi.it; 

lorenzo.ceccarelli@phd.unipi.it; e.chelucci@studenti.unipi.it; 
2Angelini Pharma S.p.A. Global R&D PLCM Preclinical Development, via Vecchia del Pinocchio 22, 60131, Ancona, Italy; matteo.vergassola@angelinipharma.com; 

lorella.ragni@angelinipharma.com; 
 3Scientific consultant, Rome Italy; giorgina.mangano@toxhub-consulting.com; luciadurando58@gmail.com; 

*Correspondence: claudia.martini@unipi.it; Tel.: +39-050-221-9509; simona.daniele@unipi.it, Tel.: +39-050-221-9608; Fax: +39-050-221-0680  

 

Abstract 

Backgroud: Brain aging is associated with an excessive reactive oxygen species (ROS) formation that causes 

cell injury through proteins oxidation and DNA damage. These changes have been identified as contributing 

factors in age-related memory decline. In this sense, treatments able to protect central nervous system (CNS) 

from oxidative stress and to sustain membrane plasticity, may represent new candidates to counter the 

development of aging effects. Several studies have indicated vitamin E, folic acid, magnesium and omega-3 

as nutraceuticals protecting CNS from oxidative stress.  

Methods: A specific association of these active nutrients was tested in human cholinergic neurons, chosen as 

a cellular model related to learning and memory processes. Cortisol was used as an oxidative stress insult to 

explore the beneficial properties of the nutraceuticals.  

Results: In summary, the specific ratio of active ingredients in the above selected food supplement prevented 

the decrease in ATP content and in cell viability exerted by cortisol. At the same time, it prevented ROS 

formation, DNA damage, autophagy processes and decrease in the expression of cellular well-being genes 

induced by cell treatment with cortisol. The effects on ATP content, ROS formation and cellular viability were 

evidenced when the nutraceutical mix when administered following cortisol treatment, too. Notably, these 

peculiar evidences were significantly higher with respect to those elicited by the single components of the food 

supplement.  

Conclusions: Overall, these results confirm the beneficial effects of the simultaneous administration of vitamin 

E, folic acid, magnesium and omega-3. 

 

Keywords: brain aging; vitamin E; folic acid; magnesium; omega-3; neuroprotection. 
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1. Introduction 

Brain aging has been associated with decline of biological functions, progressive memory loss, problems of 

coordination and difficulty in concentration [1]. During life, neuronal defense mechanisms decrease, leaving 

neurons exposed to free radical damage, protein accumulation and decreased neurogenesis [2, 3, 4]. Moreover, 

the reduction of the antioxidant defenses and the presence of high blood glucocorticoid levels [5], which 

characterize aging, could lead to an excessive reactive oxygen species (ROS) formation, causing inflammation 

through lipid peroxidation, glycosylation or oxidation of proteins and DNA damage [6]. Nutraceutical 

compounds can exert neuroprotective effects by regulating energy metabolism, neuro-oxidative stress, 

neuroinflammation and by improving neurogenesis. Herein, the nutraceutical combination used is a food 

supplement formulation containing a specific amount in a fixed ratio of active ingredients, including folic acid, 

vitamin E, magnesium and omega-3, which are essential to obtain the desired physiological balance [7]. Folic 

acid is an important vitamin for neuronal development [8] and for DNA stability. In fact, folate acts as a donor 

of methyl groups leading to the formation of S-adenosylmethionine which regulates DNA transcription and 

gene stability [9]. At the same time, vitamin E is a lipid-soluble antioxidant vitamin capable of blocking radical 

chain reactions and regulating signal transduction [10]. Another critical component for the maintenance of      

CNS functions is magnesium. Indeed, it is the second most important and abundant cation in cells, and it is 

essential for many physiological processes. Maintaining the appropriate magnesium concentrations is 

necessary for cell growth, proliferation, differentiation, energy metabolism and death [11]. Omega-3 are 

essential unsaturated fatty acids (n-3 PUFAs) and they are crucial components of neuronal cell membranes; 

among these, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are pivotal for antioxidant 

defenses [12] and to preserve the correct membrane cell fluidity [13]. Actually, the maintenance of a correct 

cell membrane plasticity allows to obtain a good cellular communication and to counteract memory and 

learning deficits related to the changes in neuronal and synaptic density [14, 15]. In this sense, maintaining 

adequate levels of these fatty acids leads to a reversion of age-related synaptic plasticity changes, a reduction 

of inflammation and brain atrophy [16]. In this context, treatments able to reduce inflammation, to increase 

neurotropism and to protect CNS from oxidative stress, may represent new candidates to counteract aging 

development and neuro-psychological alterations [17]. Currently, treatments composed of one or two 

ingredients, among folic acid, vitamin E, magnesium and omega-3 have been studied, but all together (as a 

mixture), at specific concentrations, have not been assessed yet. Although present in specific food sources not 

always easy to get, these nutraceutical compounds can be provided also through a healthy and balanced diet. 

In fact, n-3 PUFAs such as EPA and DHA are contained in fatty cold-water fishes (mackerel, sardine, herring, 

tuna, and salmon), fish oil, seafood, and krill oil [18, 19, 20]. The major dietary sources of vitamin E are 

vegetable oils (e.g., olive, coconut, sunflower, palm, soybean), whole grains, leafy vegetables, and nuts [21, 

22, 23], while magnesium is taken frequently through dietary sources such as green leafy vegetables, cocoa, 

almonds, nuts, unground grains, whole seeds, legumes, and at lower concentrations through fruit, meat 

(chicken, pork), and fish [24, 25]. Finally, folic acid is the synthetic form of folates, used in supplements or 

fortified foods, while folates are provided naturally by eating green leafy vegetables, yeast, liver, eggs, 

fermented products (e.g., cheese, yogurt), legumes, and some fruits [26, 27]. In the present work, the active 

ingredients were combined according to a peculiar percentage reported in Libretto®/Primus® and tested in 

human cholinergic neuronal-like cells (i.e., differentiated SHSY-5Y cells) for their abilities to protect neurons 

against age-related cellular alterations [28]. 

For the purpose of the study, the SH-SY5Y culture system has been chosen, which is a convenient neuronal 

model. This model has the potential to elaborate human/primate-specific transcription networks and pathways 

related to human cognitive disorders [29], which has been already frequently used to explore 

neurodegeneration, oxidative stress, and psychological disorders [30]. In particular, recent literature has 

reported that SHSY-5Y cell differentiation with retinoic acid (RA) and brain-derived neurotrophic factor 

(BDNF), as in the present paper, induces the expression of acetylcholinesterase and choline acetyltransferase 

enzymatic activities and it has been proposed as a suitable model of cholinergic neurons to study cellular 

processes associated to aging and neurodegeneration [31]. 
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2. Materials and Methods 

2.1 Materials 

cis-5,8,11,14,17-eicosapentaenoic acid (EPA), cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), folic acid 

(FA), D-alpha-tocopherol polyethylene glycol (vitamin E), magnesium carbonate (Mg2+) hydrocortisone for 

cortisol (CORT), retinoic acid (RA) and brain-derived neurotrophic factor (BDNF) were purchased from 

Sigma Aldrich. All other reagents were obtained from standard commercial sources. In this paper, the complete 

ingredients mix (Libretto®/Primus®, Angelini Pharma S.p.A) “nutraceutical combination” or as a 

“nutraceutical mix” and it was used in two set of dilutions: MIX [1’] refers to 8 μM EPA, 3.12 μM DHA, 4.5 

nM folic acid, 52 nM vitamin E and 2.8 μM magnesium while MIX [1’’] refers to 0.8 μM EPA, 312 nM DHA, 

0.45 nM folic acid, 5.2 nM vitamin E and 280 nM magnesium. EPA, DHA and folic acid were diluted to 

different concentrations of stock solutions by 100% DMSO; otherwise, vitamin E and magnesium were diluted 

by water. All subsequent dilutions were carried out in water, therefore in the final composition of the 

nutraceutical, there are negligible amounts of each solvent. 

2.2 Cell cultures differentiation and induction of stress 

SH-SY5Y neuroblastoma cell line was cultured in a complete medium consisting of DMEM, 10% fetal bovine 

serum (FBS), and 2 mM L-glutamine, at 37 °C in 5% CO2. For cholinergic neuronal differentiation, SH-SY5Y 

were cultured in DMEM reducing FBS concentration to 2% and supplementing with 10 μM RA for 7 days. 

This treatment was replaced every 2 days. On the fourth day of differentiation 50 ng/mL of BDNF were added 

[31]. To set up the stress model, an MTS assay was performed and hydrocortisone (water soluble, H0396, 

Sigma Aldrich, Milan, Italy) at 250 µM for 24 h was used on human neurons. H9-derived Neural Stem Cells 

(NSCs) were purchased from GIBCO (Life Technologies, Milan, Italy). They were cultured in complete 

medium consisting of KnockOut™D-MEM/F-12 with StemPro® Neural Supplement, 20 ng/ml of basic 

fibroblast growth factor (bFGF, Life Technologies, Milan, Italy), 20 ng/ml of epidermal growth factor (EGF, 

Life Technologies, Milan, Italy), and 2 mM L-glutamine at 37 °C in 5% CO2.  

2.3 Immunohistochemistry 

Cell differentiation was evaluated using immunofluorescence. Cells were washed with phosphate buffered 

saline (PBS), fixed with paraformaldehyde (4% v/v) for 20 min at room temperature (RT), and permeabilized 

with 0.1% Triton X-100-supplemented PBS. Nonspecific binding was blocked with 2.5% BSA for 1 h at RT. 

After PBS washes, cells were incubated with anti-ChAT (abcam, ab178850) antibody, overnight at 4°C. 

Subsequently, a secondary antibody anti-rabbit Alexa Fluor® (Invitrogen, 1:500) was used, for 45 min at RT 

[32]. Ten microscopic fields (× 60 magnification) were selected randomly from each of three independent 

experiments (n= 3). The images were obtained with a Zeiss fluorescence microscope equipped with ApoTome 

technology (Zeiss Microscopy, Jena, Germany) and analyzed with ImageJ software. To obtain a quantitative 

indication of differentiated cells, Alexa Fluor®-positive cells were counted, and the percentage of ChAT-

positive cells was calculated by using DAPI labelling to obtain the total cell number. Subsequently, with the 

ImageJ program the relative fluorescence was calculated in control and differentiated cells. DAPI labelling 

was used to normalize fluorescence intensity to the same number of cells. The data were expressed as fold 

change of fluorescence intensity vs control cells. 

2.4 Apoptosis Assessment 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10000 cells/ well or 5.000 cell/ml). After 

differentiation into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’] and 

[1’’] concentrations for 24 h and subsequently with hydrocortisone or sodium azide (NaN3) for an additional 

24 h. After treatment, early and late apoptotic SH-SY5Y were estimated by Muse Apo Assays (Merck-
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https://doi.org/10.3390/nu13030770


 

Millipore) as previously reported [33]. Apoptotic and dead cells were distinguished using the annexin V 

conjugated with fluorescein isothiocyanate (FITC) and amino-actinomycin D (7-AAD) [33]. 

2.5 ATP and ADP assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well or 50.000 cells/ml). 

After differentiation into cholinergic neurons (1 week), cells were treated with 8 μM EPA, 3.12 μM DHA, 4.5 

nM folic acid, 52 nM vitamin E or 2.8 μM magnesium, or the nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were incubated with hydrocortisone for an additional 

24 h. In contrast, in “post-treatment experiments”, cells were incubated with hydrocortisone and then 

challenged with the nutraceutical combination for 24 h. At the end, the amount of ATP and ADP were 

estimated using a bioluminescence assay kit, according to the manufacturer’s instruction (ADP/ATP Ratio 

Assay Kit, Abcam, Milan, Italy) [33]. The luminescence data were reported as the ATP/ADP ratio vs control 

cells set to 100%. 

2.6 Cell proliferation assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well or 50.000 cells /ml) and 

differentiated into cholinergic neurons, as described above. Moreover, H9-derived NSCs were used in parallel 

experiments to investigate the effects of the supplement on stem cells viability. SH-SY5Y neuroblastoma cell 

line was treated with 8 μM EPA, 3.12 μM DHA, 4.5 nM folic acid, 52 nM vitamin E or 2.8 μM magnesium, 

or the nutraceutical combination at [1’’] and [1’] concentrations for 24 h. Following incubation time, cells 

were incubated with hydrocortisone for an additional 24 h. In contrast, in “post-treatment experiments”, cells 

were incubated with hydrocortisone and then challenged with the nutraceutical combination for 24 h. At the 

end of treatments, cell proliferation was determined using the MTS assay according to the manufacturer's 

instruction. Within an experiment, each condition was analyzed in triplicate, and each experiment was 

performed at least three times. The results were calculated by subtracting the mean background from the values 

obtained from each test condition. Final data were reported as the fold change from control cells set to 100% 

[34].  

2.7 Western blot analysis 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10000 cells/well or 5.000 cells/ml). After 

differentiation into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and 

[1’] concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for 

an additional 24 h.  At the end of the treatment period, cells were collected and then were lysed for 2 hours at 

4 °C in RIPA buffer (9.1 mM NaH2PO4, 1.7 mM Na2HPO4, 150 mM NaCl, pH 7.4, 0.5% sodium deoxycholate, 

1% Nonidet P-40, 0.1 % SDS, and a protease-inhibitor cocktail). Equal quantities of the cell extracts (50 μg of 

protein) were diluted in Laemmli solution, resolved using SDS-PAGE (8.5%), transferred to PVDF 

membranes, and probed overnight at 4 °C using an antibody anti-choline acetyltransferase (ChAT, ab178850 

abcam, 1:200) anti-microtubule-associated protein light chain-3 (LC3β, sc-28266 Santa Cruz Biotechnology, 

1:100) [35] or anti-oxidative proteins nuclear factor-like 2 (Nrf2, ab137550 abcam, 1:200) or kelch-like ECH-

associated protein 1 (Keap1, AV38981 Sigma-Aldrich, 1:200). The primary antibody was detected using the 

appropriate peroxidase-conjugated secondary antibody, which was then detected using a chemiluminescent 

substrate (ECL, Perkin Elmer). Densitometric analysis of the immunoreactive bands was performed using 

Image Lab Software. The densitometric analysis was performed taking into consideration both bands relating 

to the two different forms of LC3β. The data are reported as the fold change from control cells set to 100%. 

All western blots were performed with the ChemiDoc XRS+Gel Imaging System (Biorad, Milan, Italy), which 

includes gel activation and acquisition of the total proteins imprinted in the PVDF. This “stain-free protein 

normalization” allows the normalization of bands to total protein in blots, thus eliminating the need for 

housekeeping proteins.  
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2.9 ROS assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell black plates (5000 cells/ well). After 

differentiation into cholinergic neurons (1 week), cells were treated with 8 μM EPA, 3.12 μM DHA, 4.5 nM 

folic acid, 52 nM vitamin E or 2.8 μM magnesium, or the nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. In contrast, in “post-treatment experiments”, cells were incubated with hydrocortisone and 

then challenged with the nutraceutical combination for 24 h. ROS activity was determined using the 

fluorogenic dye 2′,7′-dichlorofluorescin diacetate (H2DCFDA, Molecular Probes, Invitrogen). Following 

incubation with treatments, cells were washed and a solution of PBS + glucose 10 mM with 50 μM of 

H2DCFDA was added in the dark at 37 °C for 30 minutes.  The fluorescence intensity (excitation 485 nm and 

emission 520 nm) was normalized based on the number of cells stained with crystal violet [33]. Data were 

reported as the fold change from control cells set to 100%. 

2.10 Quantification of DNA damage 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h; at the end of treatments, cells were incubated with 250 µM of hydrocortisone for an 

additional 24 h. Following, cells were lysed, and equal amounts of protein were incubated in precoated wells. 

The DNA damage was estimated using an IR assay kit (Human H2A.X phospho S139 ELISA Kit, Abcam, 

Milano, Italy) according to manufacturer’s instructions [33]. The data are reported as fold change over control 

cells (100%). 

2.11 Evaluation of membrane fluidity 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. Membrane fluidity was measured by flow cytometry using a fluorescent labelling method 

according to the manufacturer’s protocol (Membrane Fluidity kit, Abcam, Milan, Italy). The EnSight™ 

multimode plate reader, measuring the excitation at 350 nm and the emission at 470 nm (excimer) and 370 nm 

(monomer), was used for analyzing the fluorescence intensity of labeled cells. Quantitative monitoring of the 

membrane fluidity was obtained by measuring the ratio of monomer to excimer fluorescence [36]. The data 

are reported as fold change over control cells (100%). 

2.12 RNA extraction and real-time PCR analysis 

SH-SY5Y neuroblastoma cell line was seeded in 6-multiwell plates (10.000 cells/ well or 5.000 cells/ml) and 

differentiated into cholinergic neurons. In parallel experiments, H9-derived NSCs were used to investigate the 

effects of the supplement on stem cells. Both cell lines were treated with nutraceutical combination at [1’’] 

and [1’] concentrations for 24 h; after the incubation time, cells were exposed to 250 µM of hydrocortisone 

for an additional 24 h. At the end of treatments, cells were collected, and total RNA was extracted using 

Rneasy® Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. The purity of the 

RNA samples was determined by measuring the absorbance at 260:280 nm and cDNA synthesis was performed 

with 500 ng of RNA using i-Script cDNA synthesis kit (BioRad, Hercules, USA). Primers used for RT-PCR 

were designed in intron/exon boundaries to make sure that products did not include genomic DNA [34]. RT-

PCR reactions consisted of 10 μL Fluocycle® II SYBR® (Euroclone, Milan, Italy), 0.6 μL of both 10 μM 

forward and reverse primers, 5 μL cDNA, and 3.8 μL of H2O. All reactions were performed for 40 cycles using 

the following temperature profiles: 98 °C for 30 s (initial denaturation); T °C (see Table 1) for 30 s (annealing); 

and 72 °C for 3 s (extension) [36]. β-actin was used as the housekeeping gene. PCR specificity was determined 
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by both the melting curve analysis and gel electrophoresis. The data were reported as fold change over control 

cells set to 1. 

 

Gene Primer nucleotide sequences Product size 

(base pairs) 

Annealing 

temperature 

BDNF FOR: 5’-TACATTTGTATGTTGTGAAGATGTTT-3’ 

REV: 5’-CCTCTTTTCAGAAAAATTCAGGA-3’ 
131 56° 

SIRT1 FOR: 5’-CCTGGACAATTCCAGCCATC-3’ 

REV: 5’-TTCATGATAGCAAGCGGTTCAT-3’ 
272 66° 

CREB FOR: 5’-AAGCTGAAAGTCAACAAATGACA-3’ 

REV: 5’-CCTCTTTTCAGAAAAATTCAGGA-3’ 
240 52° 

PRG-1 FOR: 5’-CCCGCTCAGGGAATAGCTG-3’ 

REV: 5’-GCTAACCACCGATGATGCCA-3’ 
156 54° 

Β-actin FOR: 5’-GCACTCTTCCAGCCTTCCTTCC-3’ 

REV: 5’-GAGCCGCCGATCCACACG-3’ 
54 55° 

 

Table 1. Nucleotide sequences and annealing temperature of the primers utilized in PCR. 

2.13 COX-2 assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. The amount of COX-2 in supernatant was estimated using an enzyme-linked immunosorbent 

assay (Human Cox-2 ELISA kit, Sigma Aldrich) according to manufacturer’s instructions. Data were reported 

as a fold change over control cells set to 100%. 

2.14 IL-6 and IL-8 assay 

SH-SY5Y neuroblastoma cell line was seeded in 96-multiwell plates (5000 cells/ well). After differentiation 

into cholinergic neurons (1 week), cells were treated with nutraceutical combination at [1’’] and [1’] 

concentrations for 24 h. Following incubation time, cells were exposed to 250 µM of hydrocortisone for an 

additional 24 h. The interleukins content in the supernatant was measured using enzyme-linked immunosorbent 

assay (ELISA) kits (Cloud-Clone Corp., Katy, Texas, United States: SEA079Hu for IL-6, SEA080Hu for IL-

8) following the manufacturers’ instructions. Briefly, 100 µL of supernatant was added into the appropriate 

wells and incubated for 1 hour at 37 °C. After incubation time, 100 µL of primary antibody were added for 1 

hour at 37 °C. After extensive washes, 100 µL of secondary antibody were incubated for 30 minutes at 37 °C 

and then, the substrate solution was added to each well, leaving the color to develop for 10-20 min at 37 °C. 

Absorbance was measured at 450 nm and a standard curve was obtained with standards kit.  

2.15 Statistical Analysis 

Data analysis was performed using one-way analysis of variance (ANOVA) with "Bonferroni's Multiple 

Comparison Test". p<0.05 was considered statistically significant. 

 

3. Results 



 

3.1. Differentiation of SHSY-5Y human neuroblastoma cell line into cholinergic neurons 

Aging is characterized by loss of some cholinergic system functions [37]. To investigate the effect of 

nutraceutical combination, human neuroblastoma cell line SHSY-5Y was differentiated into a cholinergic 

neuronal system with retinoic acid (RA) and brain-derived neurotrophic factor (BDNF) for seven days [31]. 

To confirm SH-SY5Y differentiation in cells with characteristics of cholinergic neurons, the expression of 

choline acetyltransferase (ChAT) enzyme was evaluated by Western blot analysis. The induction of 

differentiation led to an increase in the expression of protein involved in the production of acetylcholine, 

demonstrating the acquisition of typical characteristics of cholinergic neurons (Supplementary Figure 1 a,b). 

To confirm the results obtained with western blot analysis, an immunostaining of ChAT was performed 

(Supplementary Figure 1 c,d). In control undifferentiated cells, 25±3% of total cells were positive to ChAT, 

confirming the basal expression of the selected protein in these neuronal-like cells [31]. Following cell 

treatment, 80±6% of cells expressed ChAT, thus demonstrating that RA plus BDNF significantly induced 

SHSY-5Y differentiation into cholinergic neurons. Quantification of the relative fluorescence intensity, 

normalized to the same cell number, showed that differentiation induced a 1.76-fold increase in fluorescence 

intensity (Supplementary Figure 1d). 

 

3.2. Effect of cortisol on cell viability and evaluation of cortisol induced apoptosis 

Assuming that an increase in glucocorticoid levels has been observed with aging [5] and that chronic and non-

physiological levels of cortisol induce an increase in oxidative stress leading to the formation of reactive 

oxygen species (ROS) [38], a cortisol stress model [28] was developed to evaluate and to corroborate 

nutraceutical mix neuroprotective effects. For this purpose, cells were treated with two different concentrations 

(250 µM and 500 µM) of cortisol (CORT) for different times (4,8,16,24 h) and then, cell viability was assessed 

(Figure 1a). The concentration of 500 µM caused a reduction in cell viability of about 55%, almost mimicking 

acute stress. The lowest concentration (250 µM) produced a less marked reduction of cell viability, also at 

longer incubation times. Based on the obtained results, and in order to simulate a daily chronic physiological 

stress, this lower concentration for the longer time (24 h) was chosen.  

In order to study the effect of cortisol on cellular conditions, apoptotic staining was performed. In parallel, 

sodium azide, an inhibitor of the fourth mitochondrial complex with apoptotic effect, was used to compare the 

behavior of cortisol [39, 40]. As Figure 1 (panel b) shown, the trend of cortisol (24.57% in early apoptosis and 

12.36% in late apoptosis) appeared very similar to sodium azide (23.57% in early apoptosis and 11.23% in late 

apoptosis), demonstrating to have analogous effects. In supplementary materials (Supplementary Figure 2 a,b), 

we demonstrated that both mixes were able to protect cells from apoptosis damage cortisol-induced.  
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Figure 1. Stress model with cortisol. (a) The SH-SY5Y cell line was differentiated into cholinergic neurons and after 

they were treated with cortisol at concentrations of 250 µM and 500 µM for 4, 8, 16, and 24 h. Following incubation, 

cellular viability was measured by MTS assay. Data are the mean ± SEM of three different experiments, each performed 

in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was performed by 

one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** p<0.001. (b) The SH-SY5Y cell line 

was differentiated into cholinergic neurons and after, they were treated with cortisol at concentration of 250 µM or with 

sodium azide at concentration of 3 mM for 24 h. Following incubation, cellular apoptosis was measured by Muse Apo 

Assays (Merck-Millipore) as previously reported [33]. The data are the mean ± SEM of three different experiments, each 

performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was 

performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: *** p<0.001 and ## p<0.01 versus 

control of live cells and early apoptotic cells, respectively. 

3.3. Assessment of suitable concentrations of the nutraceutical combination 

In order to establish the safe and non-toxic concentrations of nutraceutical mix, cellular viability was tested 

for each nutraceutical compound. At the same time, particular concentrations were chosen to maintain an exact 

and specific proportion between compounds within the mix (Figure 2). As shown in Figure 2 the mix 

containing 8 μM EPA, 3.12 μM DHA, 4.5 nM folic acid, 52 nM vitamin E and 2.8 μM magnesium, here 

indicated as mix [1’], was initially chosen as single ingredients that did not reduce cell viability by more than 

20%. Subsequently, the mix was further diluted (ten-fold reduction) and used as final concentrations of active 

ingredients (0.8 μM EPA, 312 nM DHA, 0.45 nM folic acid, 5.2 nM vitamin E and 280 nM magnesium). Here, 

this second mix is indicated as mix [1’’] and it was chosen to assess if the beneficial effects can be maintained 

even at lower concentrations too (Figure 2). 

 

Figure 2. Assessment of mix concentrations. The SH-SY5Y cell line was differentiated into cholinergic neurons, and, 

after, they were treated with different dilution of active ingredients of nutraceutical combination. Then, two sets of 

concentrations were chosen, indicated as: mix [1’’] and mix [1’]. Following incubation, cellular viability was measured 

by MTS assay. Data are the mean ± SEM of three different experiments, each performed in duplicate, and reported as the 

percentage of untreated cells set to 100% (control). Statistical analysis was performed by one-way analysis of variance 

(ANOVA) with Bonferroni’s post-test: * p<0.05, ** p<0.01, *** p<0.001 vs control. 

3.4. Effect of the nutraceutical combination on ATP/ADP ratio and cell viability 

In light of recent publications and insights on the action of glucocorticoid receptors at mitochondrial level [41], 

we considered appropriate to examine the cellular energy balance as an index of mitochondrial dysfunction 

and mitochondrial protective potential of nutraceutical mix. As depicted in Figure 3, in the absence of cortisol, 

the mix did not cause any significant change in ATP levels, both at [1’’] and [1’] concentrations. As expected, 

the action of cortisol on glucocorticoid receptors resulted in energy damage; while, in contrast, nutraceutical 

mixes were able to prevent the cortisol-induced imbalance of ATP/ADP ratio, suggesting an involvement of 

supplements in restoring ATP levels (Figure 3a). Notably, similar results were obtained when the mix was 

administered following cortisol (Figure 3a), thus suggesting that the nutraceutical combination can rescue the 

metabolic alterations induced by cellular stress, too. The effects displayed by the nutraceutical mix on 
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ATP/ADP content were significantly higher with respect to those elicited by the single component, i.e., 

EPA/DHA, folic acid, vitamin E or magnesium (Supplementary Figure 3a).                                                       

Due to the ATP reduction, an assay of cell viability was assessed. In the absence of cortisol, the mix did not 

cause reduction in cell viability, neither at [1’’] and [1’] concentrations; as expected, challenging cells with 

cortisol significantly decreased cell viability but this reduction was prevented by challenging cells with both 

mix (Figure 3b). Notably, a significant rescue in cortisol-induced decrease in cellular viability was obtained 

when the mix was administered following cortisol (Figure 3b). The cytoprotective effects elicited by the 

nutraceutical combination did not significantly differ from those obtained by testing the single components 

alone, i.e., EPA/DHA, folic acid, vitamin E or magnesium (Supplementary Figure 3b).  

In order to study the effect of nutraceutical mix on the viability of a stem cell line, H9-derived NSCs were 

chosen. The mix displayed similar effects in this cell line: specifically, in the absence of cortisol, it did not 

cause reduction in cell viability, either at [1 ''] or [1 '] concentrations; as expected, challenging cells with 

cortisol significantly decreased NSC viability (Supplementary Figure 4). The decrease in NSC viability was 

prevented by nutraceutical mix (Supplementary Figure 4). These data evidenced a cytoprotective effect of this 

nutraceutical combination in cholinergic neurons and in neural stem cells.  

 

  

Figure 3. (a-b) Evaluation of the ATP/ADP ratio (energy balance) and cell viability. Following differentiation into 

cholinergic neurons, cells were treated with nutraceutical mix at [1’’] and [1’] concentrations, for 24 h and for an 

additional 24 h with cortisol at 250 µM (MIX[1’’]+CORT or MIX[1’]+CORT). In post-treatment experiments 

(CORT+MIX[1’’] or CORT+MIX[1’]), differentiated cells were challenged with 250 µM cortisol for 24 h, and then with 

the nutraceutical mix at [1’’] and [1’] for an additional 24 h. The ATP/ADP ratio was evaluated by specific fluorometric 

assay (a), and cellular viability was measured by MTS assay (b). Data are the mean ± SEM of three different experiments, 

each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis 

was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** p<0.001 vs control; 
# p<0.05; ## p<0.01, ### p<0.001 vs cortisol. 

3.5. Effect of nutraceutical combination treatment on autophagy pathway 

Autophagy is a mechanism that allows the degradation and recycling of cellular components. During this 

process, the damaged cytoplasmic constituents are isolated from the rest of the cell within a double-membrane 

vesicle known as autophagosome. The formation of the autophagosome occurs when the cytosolic form of 

LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form the conjugated form LC3-

phosphatidylethanolamine (LC3-II). At this stage, the autophagosome membrane fuses with that of a lysosome 

and the contents are degraded and recycled [42]. Since ATP reduction activated a serine/threonine kinase 

(AMPK) [43], triggering autophagy processes [44], the influence of the food supplements on autophagy 

phenomena was investigated. As reported in literature autophagic activity at the neuronal level is constitutively 

and physiologically higher than in other districts [45]. For this reason, in the absence of cortisol, both bands 

related to LC3β-I and LC3β-II protein were evident, validating the constitutive autophagic hypothesis of 

neuronal cells (Figure 4a). The increase in cortisol-induced autophagy was prevented by the following 

treatment with nutraceutical mix at both concentrations (Figure 4b). This signal may suggest a restoration of 

cellular balance and a consequent reduction of autophagy processes. 
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Figure 4. (a-b) Evaluation of autophagy induction: LC3β. Following differentiation into cholinergic neurons, cells were 

treated with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. 

After incubation, cells were collected and lysed. Autophagic marker LC3 (I and II) levels were assessed by western blot 

analysis using the anti-LC3β antibody. A representative Western blotting is shown (a). Irrelevant parts of the gel image 

are deleted. Optical density was measured by Image Lab software (b). Data are the mean ± SEM of three different 

experiments, each performed in duplicate, and reported as percentage of untreated cells (control set to 100%). Statistical 

analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, *** p<0.001 

vs control; ### p<0.001 vs cortisol. 

 

3.6. Effect of nutraceutical combination treatment on ROS levels 

Prolonged exposure to stress determines an abnormal and continuous secretion of glucocorticoids, leading to 

oxidative damage in the CNS [38]. In the absence of cortisol, nutraceutical mix did not cause an increase in 

oxidative damage, at [1’’] and [1’] concentrations. As expected, cortisol treatment significantly increased ROS 

levels (Figure 5). Challenging cells with the mix for 24 h before oxidant damage significantly prevented ROS 

formation at both sets of concentrations (Figure 5 MIX[1’’]+CORT or MIX[1’]+CORT). These data demonstrate 

that this nutraceutical combination protects against oxidative stress. Notably, similar results were obtained 

when the mix was administered following cortisol (Figure 5 CORT+MIX[1’’] or CORT+MIX[1’]), thus 

suggesting that the nutraceutical combination can rescue ROS imbalance induced by cellular stress, too. 

The effects displayed by the nutraceutical mix on ROS production were significantly higher with respect to 

those elicited by the single component, i.e., EPA/DHA, folic acid, vitamin E or magnesium (Supplementary 

Figure 5). 
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Figure 5. Evaluation of ROS levels. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM 

(MIX[1’’]+CORT or MIX[1’]+CORT). In post-treatment experiments, differentiated cells were challenged with 250 µM 

cortisol for 24 h, and then with the nutraceutical mix at [1’’] and [1’] for an additional 24 h (CORT+MIX[1’’] or 

CORT+MIX[1’]). Oxidative stress levels were assessed by H2DCFDA fluorometric probe. Data are the mean ± SEM of 

three different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% 

(control). Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: *** 

p<0.001 vs control; ## p<0.01, ### p<0.001 vs cortisol. 

 

3.7. Effect of cortisol treatment on anti-oxidative proteins 

Generally, the increase in oxidative stress determines an increase in cellular antioxidant defenses. Under acute 

stress conditions, Nrf2 dissociates from Keap1 and translocates into the nucleus where it may act as a 

transcription factor for antioxidant response genes [46]. In conditions of chronic stress, the Nrf2 pathway fails 

due to its degradation, depriving the cell of important antioxidant defenses [47].  

To explore the effect of nutraceutical mix on antioxidant defenses, a western blot assay was performed to 

detect Nrf2 and Keap1 proteins. As depicted in Figure 6a,a’, cortisol treatment induced a significant decrease 

in Nrf2 proteins levels, respectively. In contrast, the mix, tested at both concentrations, demonstrated the ability 

to prevent Nfr2-decrease induced by cortisol.  
These results demonstrate that cortisol mediates a reduction in the antioxidant activity of Nrf2-Keap1 complex, 

and that this nutraceutical combination is able to preserve the activity of Nrf2-Keap1 axis. 
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Figure 6. Evaluation of antioxidant protein levels. Following differentiation into cholinergic neurons, cells were treated 

with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. After 

incubation, cells were collected and lysed. Anti-oxidative proteins kelch-like ECH-associated protein 1 (Keap1) and 

nuclear factor-like 2 (Nrf2) levels were assessed by western blot analysis using the anti- Keap1 or anti- Nrf2 antibodies. 

A representative Western blotting is shown (a,b). Optical density was measured by Image Lab software (a’,b’). Data are 

the mean ± SEM of three different experiments and are reported as the percentage of untreated cells set to 100% (control). 

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * p<0.05, *** 

p<0.001 vs control; ## p<0.01, ### p<0.001 vs cortisol. 

3.8. Effect of the nutraceutical combination treatment on DNA damage 

Prolonged stress leads to an increase in reactive oxygen species [38] which in turn are responsible for DNA 

damage [48]. Considering that this nutraceutical combination was able to reduce stress-induced oxidative 

damage, we next verified whether it could preserve human neurons from DNA damage. For this purpose, 

histone H2AX phosphorylation was evaluated as a marker of DNA damage [49]. As depicted in Figure 7, the 

mix was able to reduce histone H2AX phosphorylation at both sets of dilutions tested, demonstrating to have 

an intrinsic capacity in DNA protection. As expected, cortisol significantly increased histone H2AX 

phosphorylation; this increase was significantly contrasted with supplement mix at both sets of concentrations 

(Figure 7). Taken together, these results demonstrate that pre-treatment of human neurons with this 

nutraceutical combination reduces histone H2AX phosphorylation and prevents cortisol-induced DNA 

damage.  
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Figure 7. Evaluation of DNA damage. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. DNA 

damage was assessed by evaluation of histone H2AX phosphorylation levels. Data are the mean ± SEM of three different 

experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). 

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, 

*** p<0.001 vs control; ### p<0.001 vs cortisol. 

3.9. Effect of the nutraceutical combination treatment on membrane fluidity 

In the absence of antioxidant defenses, the predisposition in the brain to develop radical species [2] and 

oxidative stress, caused by non-physiological levels of cortisol [50], is responsible for the impairment of 

membrane fluidity. In this context, the effect of nutraceutical combination on membrane fluidity was analyzed. 

In the absence of cortisol, the mix had no influence on membrane fluidity; whereas, cortisol greatly reduced 

it, nutraceutical mix was able to prevent this reduction at [1’’] and [1’] concentrations (Figure 8), 

demonstrating its ability to protect the cell membrane from damage caused by cortisol-induced oxidative stress. 

 

Figure 8. Evaluation of membrane fluidity. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. Membrane 

fluidity levels were assessed by fluorescence assay. Data are the mean ± SEM of three different experiments, each 

performed in duplicate, and reported as the percentage of untreated cells set to 100% (control). Statistical analysis was 

performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01 vs control; ### p<0.001 vs 

cortisol. 
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3.10. Effect of the nutraceutical combination treatment on aging-related genes 

Alterations in the expression of genes such as brain-derived neurotrophic factor (BDNF) [51], cAMP response 

element-binding protein (CREB) [52], sirtuin (SIRT-1) [53] and plasticity-related gene 1 (PRG-1) have been 

related to different pathological mechanisms, including neuronal aging [54]. Challenging cholinergic neurons 

with the nutraceutical combination caused per se a significant enhancement in BDNF, SIRT1 and PRG-1 

(Figure 9a,b,c,d). Cortisol decreased significantly the transcriptional levels of BDNF, SIRT1, CREB and PRG-

1; the pre-treatment with the nutraceutical mix attenuated the cortisol-mediated decrease in the transcriptional 

levels of the examined genes, both at [1’’] and [1’] concentrations (Figure 9a,b,c,d). These results may suggest 

that this nutraceutical combination effects on the induction of BDNF, CREB, SIRT-1 and PRG-1 gene 

expression may contribute to its cytoprotective effects in aged cholinergic neurons.  

In order to study the effect of the mix on the induction of neurotrophic gene expression in a neural stem cell 

line, the H9-derived NSCs were used. Cortisol induced a significant reduction in the mRNA expressions of 

well-being-related factors (Supplementary Figure 6). Treatment with nutraceutical combination significantly 

prevented cortisol-induced effects, by reactivating the transcription of BDNF, CREB and SIRT-1 genes. The 

reduction in the expression of cortisol-induced genes, resulting in an increase in cellular well-being 

(Supplementary Figure 6). 

 

 

Figure 9. (a-d) Evaluation of genes expression related to well-being and neuronal plasticity. Following differentiation 

into cholinergic neurons, cells were treated with nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an 

additional 24 h with cortisol at 250 µM.  At the end of the treatments, mRNA was extracted and the cDNA levels of 

BDNF (a), SIRT-1 (b), CREB (c) and PRG-1 (d) were quantified by real-time PCR analysis. Data are the mean ± SEM 

of three different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 1 

(control). Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: * 

p<0.05, ** p<0.01, *** p<0.001 vs control; ### p<0.001 vs cortisol. 
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3.11. Effect of the nutraceutical combination treatment on inflammatory molecules expression 

During aging, the CNS inflammation process increases. In particular, COX-2 levels increase is generally 

closely related to ROS formation [55]. These observations lead to examining whether the nutraceutical 

combination reduces in turn COX-2 levels. In the absence of cortisol, [1’] concentrations significantly reduced 

COX-2 levels, proving to have an effect even on basal levels of the enzyme. As expected, cortisol induced an 

increase in COX-2, but the mix was able to restore COX-2 physiological levels (Figure 10a), demonstrating 

that it possesses a basic anti-inflammatory capacity and an ability to prevent an increase in inflammation 

induced by oxidative stress mechanism. To deepen nutraceutical combination anti-inflammatory function, IL-

6 and IL-8 were also quantified. Both interleukins participate in neurogenesis processes and their expression 

is affected in several of the main brain diseases [56, 57]. As Figures 10b,c show, in the absence of cortisol, 

nutraceutical combination did not cause any change in IL-6 or IL-8 levels, with respect to control. In contrast, 

the increase of interleukin, induced by cortisol, was prevented by the mix at both concentrations, with a greater 

action at the highest concentration. These data demonstrate that the mix is able to reduce oxidative stress-

induced inflammation. 

Figure 10. Evaluation of inflammatory signals. Following differentiation into cholinergic neurons, cells were treated with 

nutraceutical mix [1’’] and nutraceutical mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM. COX-2 (a) 

and interleukins (b,c) levels were assessed by specific enzyme immunoassay. The data are the mean ± SEM of three 

different experiments, each performed in duplicate, and reported as the percentage of untreated cells set to 100% (control).  

Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni’s post-test: ** p<0.01, 

*** p<0.001 vs control; # p<0.05, ### p<0.001 vs cortisol. 

 

4. Discussion 

In the present study, neuroprotective properties of a nutraceutical combination were investigated in a model of 

cholinergic neurons. Specifically, the fix ratio of active compounds was demonstrated to have a protective role 

against mitochondrial dysfunction, inflammation and DNA damage. Moreover, challenging neuronal cells with 

this mix enhanced membrane fluidity and modulated overall gene transcription.  

The effects of a specific ratio of omega-3 fatty acid, folic acid, vitamin E and magnesium on membrane and 

cellular well-being was verified human neuroblastoma cell line differentiated into cholinergic neurons. The 

cholinergic system is involved in learning, memory and age-related dementia [58] and represents a valuable 

cellular model for exploring the nootropic properties of compounds. For this purpose, cells were challenged 

with cortisol for 24 h in order to mimic physiological brain stress that can be related to aging [28]. In the 

present study, it was selected from a mix of several active nutraceuticals, known in literature to exert 

individually an activity in the physiology of the central nervous system, to test the possibility of a 

complementary and/or synergistic action. The fixed ratio of active ingredients present in the nutraceutical 

combination was initially chosen as they did not reduce cell viability by more than 20%.  
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First, to investigate the action of cortisol, an MTS and an apoptosis assay were performed. Consistent with our 

data, a cortisol treatment induced a decrease in HT22 cells viability and an increase in apoptosis [28], 

comparable to NaN3 action in PC12 cells [39]. The mix significantly prevented cortisol- induced apoptosis. 

Consistently, EPA and DHA have been demonstrated to prevent cortisol-induced reduction in proliferation 

and increase in apoptosis in human hippocampal progenitor cell line [59]; at the same time, folic acid decreases 

astrocyte apoptosis by preventing oxidative stress-induced telomere attrition [60]. 

Assuming that high levels of cortisol regulate the expression of the ATP synthase genes at the mitochondrial 

level by reducing its expression [41], we challenged cholinergic neurons with cortisol and examined the ATP 

and ADP levels by calculating the ATP/ADP ratio. The results showed that nutraceutical combination 

significantly prevented the cortisol-mediated reduction of ATP and decrease in cell viability, at [1’] and [1’’] 

concentrations. Notably, these effects were mostly observed when the nutraceutical mix was administered 

following cortisol, thus evidencing the ability of the mix in restoring cortisol-induced energy imbalance and 

reverting its cytotoxic effects. Moreover, the effects displayed by the nutraceutical mix on ATP/ADP content 

were significantly higher with respect to those elicited by the single component, i.e., EPA/DHA, folic acid, 

vitamin E or magnesium, thus suggesting that additive/synergic effects may occur between the different 

nutraceutical components. Accordingly, literature reports similar synergistic cytoprotective or preventive 

effects of magnesium and Vitamin E [61], folic acid and vitamin B12 [62]. Among these papers, of particular 

relevance is the recent positive interaction of omega-3 fatty acid and vitamin E supplementation in improving 

working memory in older adults [63].  

It is not clear why the mix [1 '] greatly increased the ATP/ADP ratio after the hydrocortisone application. 

These interesting results lead to hypothesize that, under physiological conditions, the supplement should not 

have particular effects on increasing ATP production, because the cellular energy request has been already 

satisfied. When the cell is in a state of prolonged stress, it is probable that the higher concentration of the 

nutraceutical combination has a greater capacity (compared to the concentration [1 '']) to restore the cellular 

basal conditions, due to an activation of several targets by the nutraceuticals. Consistent with our data, it has 

been reported that omega-3 supplementation delays age-related mitochondrial dysfunction in the brains of 

young and elderly mice [64]. In addition, by increasing the PGC1α and SIRT1 gene expressions, co-treatment 

with omega-3 and vitamin E has beneficial effects in patients with coronary artery disease, leading to an 

increase in ATP level [65]. On the other hand, magnesium stimulates the activity of several mitochondrial 

enzymes, and it is responsible for transporting ATP from mitochondria to the cytosol, which is mediated by 

an ATP-Mg / Pi carrier [11]; in particular, treatment of LmnaG609G/+ mice with dietary magnesium increased 

H+-coupled mitochondrial NADPH and ATP synthesis [66]. 

Following reduction of ATP levels, a serine/threonine kinase is activated [43], triggering autophagy processes 

[44]. In the absence of cortisol, nutraceutical combination treatment was able to reduce autophagy markers; 

similarly, following stimulus with cortisol, nutraceutical ingredients were able to significantly decrease the 

autophagy process at both concentrations. A considerable reduction was evident at [1’] concentration probably 

because higher mix concentrations favored the restoration of a cellular well-being environment, thus blocking 

autophagy. The physiological role and limits of autophagy are still debated in the current literature. This 

process is essential for maintaining proper cellular function and its dysfunction is associated with cancer, 

neurodegeneration, and aging [67]. Several works have demonstrated that mTOR inhibition by omega 3 

induces autophagy processes, thus protecting cells from oxidative insults [68]. Conversely, other papers have 

demonstrated that antioxidant agents, including vitamin E, reduce autophagy markers in male Sprague-Dawley 

rats, relieving diabetic nephropathy [69], and that folic acid contrasts autophagosome formation in fatty liver 

disease rats [70]. In our hands, the presence of vitamin E and folic acid in the tested supplement, indeed 

composed by five-nutraceuticals, probably activates intracellular mechanisms that overcome omega 3-

associated pathways, finally reducing the autophagic processes in our cellular model. In conclusion, we might 

speculate that the reduction of the autophagic process, in the absence of cortisol, could represent a beneficial 

mechanism. In conditions of oxidative stress, triggered by cortisol, nutraceutical combination exerted 

cytoprotective effects by inducing cellular autophagy. 

https://doi.org/10.3390/cells8060612
https://doi.org/10.3892/mmr.2019.9853
https://doi.org/10.1038/s41398-020-00908-0
https://doi.org/10.3390/ijms21010062
https://doi.org/10.1073/pnas.1602185113
https://link.springer.com/article/10.1007/s12011-018-1602-9
https://link.springer.com/article/10.1007/s12011-018-1602-9
https://link.springer.com/article/10.1007/s12011-018-1602-9
https://doi.org/10.1016/j.jnutbio.2005.08.003
https://doi.org/10.1016/j.jnutbio.2005.08.003
https://doi.org/10.1016/j.jnutbio.2005.08.003
https://doi.org/10.1016/j.clnu.2021.12.004
https://doi.org/10.1016/j.clnu.2021.12.004
https://doi.org/10.1016/j.clnu.2021.12.004
https://doi.org/10.1016/j.plefa.2014.05.008
https://doi.org/10.1016/j.numecd.2015.11.013
https://doi.org/10.3390/ijms20143439
https://doi.org/10.15252/emmm.202012423
https://doi.org/10.1111/j.1471-4159.2009.05916.x
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1016/j.phrs.2018.07.004
https://doi.org/10.3389/fphys.2018.01939
https://doi.org/10.1684/ecn.2019.0437


 

During aging, prolonged exposure to high levels of glucocorticoids [5] in combination with low antioxidant 

defenses [6], can induce reactive oxygen species leading to oxidative damage in the CNS [38]. Challenging 

cholinergic neurons with nutraceutical combination significantly prevented the cortisol-induced ROS levels 

and DNA damage, both at [1’’] and [1’] concentrations. Notably, as evidenced for the ATP/ADP ratio, these 

effects were mostly maintained when the nutraceutical mix was administered following cortisol, thus 

evidencing the ability of the mix in restoring cortisol-induced imbalance in ROS production. Consistent with 

our data, omega-3 suppressed ROS formation in cultured neurons and neuronal progenitor cells of PPT1-free 

mice [71]; vitamin E protected cortical neurons against oxidative stress [72] and folic acid stabilized DNA, 

reducing damage [9]. Simultaneously, magnesium suppresses ROS production in various tissues, leading to 

the formation of magnesium–oxygen species [11]. Moreover, the effects displayed by the nutraceutical mix on 

ROS production were significantly higher with respect to those elicited by the single component, i.e., 

EPA/DHA, folic acid, vitamin E or magnesium. Similarly,  Magnesium and Vitamin E co-supplementation 

have demonstrated a positive interaction on biomarkers of inflammation and oxidative stress in women with 

Polycystic Ovary Syndrome [61] and vitamin E has been proven to increase the biological effects of omega-3 

fatty acids on redox balance in naturally aged rats [73]. 

In conditions of acute stress, the cell antioxidant mechanisms were responsible for restoring cellular well-

being. One of the most important pathways is the Keap1/NRF2/ARE complex; under quiescent conditions, 

Nrf2 is anchored in the cytoplasm through binding to Keap1, which, in turn, facilitates the ubiquitination and 

subsequent proteolysis of Nrf2. Under stressful conditions, Nrf2 detaches from Keap1, translocates to the 

nucleus and activates a specific promoter sequence [74]. In contrast, in conditions of chronic stress, the Nrf2 

pathway fails due to its degradation, depriving the cell of important antioxidant defenses [47]. Consistent with 

the latter evidence, challenging cholinergic neurons with cortisol for 24 h, induced a decrease in Nrf2 and 

Keap1 levels. Interestingly, the nutraceutical combination was able to prevent the cortisol-associated decrease 

in Nfr2 and Keap1 levels. These data are of particular relevance considering that Nfr2-Keap1 signaling has 

been linked to protective mechanisms against oxidative stress and proteotoxicity in cells, including neurons 

[75]. Similarly, omega-3 has demonstrated to improve the antioxidative defense in rat astrocytes and peritoneal 

macrophages via an Nrf2-dependent mechanism [12].  

Brain aging is characterized by gene expression dysregulation of factors that influence neuronal plasticity and 

metabolism [1]. For this reason, we analyzed the expression of the CREB, BDNF, SIRT-1 and PRG1 genes 

[52, 51, 53, 54] in the SHSY-5Y cell line differentiated to cholinergic neurons and in the H9-derived NSC, in 

order to understand if the nutraceutical combination was able to regulate gene transcripts. These results 

demonstrated that the mix increases gene transcriptions of the mentioned transcripts, at [1’’] or [1’] 

concentrations and were equally able to prevent the reduction in cortisol-induced gene expression. Consistent 

with our data, omega-3 normalizes BDNF and CREB levels after traumatic brain injury in rats [76] and vitamin 

E enhances BDNF-TrkB-CREB signaling pathway in rats with cognitive impairment [77]. At the same time, 

omega-3 and vitamin E increase gene expression of SIRT1 and improve the response to oxidative stress in 

patients with coronary artery disease [65]. To date, no data in literature explored omega-3 or vitamin E effect 

on PRG1 expression. The lack of data on the action of folic acid on the expression of genes such as BDNF, 

CREB and SIRT1 could lie in the fact that its function is to prevent the accumulation of DNA damage in 

neurons caused by oxidative stress [78].  

As a last evaluation step, the anti-inflammatory effects were tested in cholinergic neurons subjected to 

oxidative stress with cortisol. It is known that, during aging, CNS inflammation increases [5], therefore, COX-

2 levels were evaluated as a value parameter linked to the presence of free radicals [79]. Challenging cells with 

the nutraceutical combination prevented cortisol-induced increase in inflammation. Consistent with our data, 

omega-3 is reported to show anti-inflammatory properties in rats with global ischemia [80], vitamin E inhibits 

COX-2 activity in human adenocarcinoma cells [81] and folic acid inhibits the proinflammatory action of 

COX-2 in rats given nicotine [82].  

To deepen nutraceutical combination anti-inflammatory function, IL-6 and IL-8 were also quantified. 

Although neuronal cells are not largely deputed for the release of cytokines and pro-inflammatory molecules, 

literature reports that cytokines are proteins secreted in the central nervous system by microglia, astrocytes and 
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infiltrating peripheral immune cells and neurons too, under physiological and pathological conditions [83]. In 

the brain, cytokines are constitutively expressed in various brain regions by activated glial and neuronal cells 

[84, 34] and are involved in several normal and pathological processes including neuronal development, 

modulation of neurotransmitter metabolism and synaptic plasticity.  

Challenging cells with the nutraceutical mix prevented cortisol-induced increase in IL-6 and IL-8 levels, with 

greater effectiveness at [1'] concentration. Consistent with our data, omega-3 were able to reduce inflammatory 

interleukins in a model of endothelial cells [85].  

5. Conclusions 

In human cholinergic neuronal-like cells, the nutraceutical combination was proven to: (i) prevent and revert 

the oxidative stress, energy imbalance and viability reduction induced by cortisol; (ii) prevent cortisol-induced 

DNA damage and disbalance in autophagy mechanism; (iii) increase membrane fluidity and transcription of 

genes related to cellular well-being; (iv) exert an anti-inflammatory effect by preventing COX2, IL-6 and IL-

8 accumulation. Overall, these results confirm the complementary beneficial effects of simultaneous 

administration of omega-3, vitamin E, folic acid, and magnesium suggesting this nutraceutical combination as 

promising agent to preserve cholinergic neurons. In this sense, a recent report suggests the benefits of a 

combination of magnesium, folic acid, omega-3 fatty acids and vitamin E as a food supplement to complement 

brain functioning [86].  
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Supplementary Figure 1. (a–d) Differentiation of the human glioblastoma cell line SH-SY5Y into cholinergic 

neuronal cells. The SH-SY5Y cell line was differentiated into cholinergic neurons using 10 µM retinoic acid 

(RA) for 4 days and 50 ng/ml BDNF for the next 3 days. Following incubation, cells were collected and lysed. 

The expression of choline acetyltransferase (ChAT) enzyme was detected by Western blotting analysis (a,b). 

A representative Western blotting is shown (a). Irrelevant parts of the gel image are deleted.  Optical density 

was measured by Image Lab software (b). Data are reported as percentage of control cells set to 100%. 

Immunofluorescence illuminates neuronal features of fully differentiated SH-SY5Y cells: anti-ChAT in red 

(c). Images were obtained at 60X magnification using an inverted epifluorescence microscope and they are 

expressed like mean fluorescence intensity (d). Data are the mean ± SEM of three different experiments, each 

performed in duplicate. Statistical analysis was performed by one-way analysis of variance (ANOVA) with 

Bonferroni’s post-test:  *** p<0.001 versus control. 
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Supplementary figure 2. (a,b) Evaluation of apoptosis and nutraceutical combination effects. The SH-SY5Y cell line 

was differentiated into cholinergic neurons and after they were treated with the mix [1’’] and mix [1’] for 24h and for an 

additional 24 h with cortisol at 250 µM. Following incubation, cellular apoptosis was measured by Muse Apo Assays 

(Merck-Millipore) as previously reported (22). Data are the mean ± SEM of three different experiments, each performed 

in duplicate, and reported as percentage of untreated cells set to 100% (control). Statistical analysis was performed by 

one-way analysis of variance (ANOVA) with Bonferroni’s post-test: *** p<0.001 vs control; ## p<0.01 vs cortisol. 

 

 

 

 

 

 

 



 

 

Supplementary figure 3: Evaluation of energy balance and cell viability for the single component of the nutraceutical 

mix. SHSY-5Y differentiated cells were treated with the nutraceutical mix, or with 8 μM EPA, 3.12 μM DHA, 4.5 nM 

folic acid, 52 nM vitamin E and 2.8 μM magnesium for 24 h and for an additional 24 h with cortisol at 250 µM; after 

treatments, the ATP/ADP ratio was evaluated by specific fluorometric assay (a), and cellular viability was measured by 

MTS assay (b). Data are the mean ± SEM of three different experiments, each performed in duplicate, and reported as the 

percentage of untreated cells set to 100% (control). Statistical analysis was performed by one-way analysis of variance 

(ANOVA) with Bonferroni’s post-test: *** p<0.001 vs control; ## p<0.01, ### p<0.001 vs cortisol; §§§ p<0.001 vs 

nutraceutical mix. 

 

 

 

 



 

 

Supplementary figure 4: Evaluation of H9-derived NSC viability. Cells were treated with the mix [1’’] and L/P mix [1’] 

for 24 h and for an additional 24 h with cortisol at 250 µM; after treatments cellular viability was measured by MTS 

assay. Data are the mean ± SEM of three different experiments, each performed in duplicate, and reported as percentage 

of untreated cells set to 100% (control). Statistical analysis was performed by one-way analysis of variance (ANOVA) 

with Bonferroni’s post-test: ** p<0.01, *** p<0.001 vs control; ### p<0.001 vs cortisol. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Supplementary figure 5: Evaluation of ROS production for the single component of the nutraceutical mix. SHSY-5Y 

differentiated cells were treated with the nutraceutical mix, or with EPA/DHA, folic acid, vitamin E or magnesium 8 μM 

EPA, 3.12 μM DHA, 4.5 nM folic acid, 52 nM vitamin E and 2.8 μM magnesium for 24 h and for an additional 24 h with 

cortisol at 250 µM; after treatments, ROS production was evaluated by by H2DCFDA fluorometric probe. Data are the 

mean ± SEM of three different experiments, each performed in duplicate, and reported as the percentages of untreated 

cells set to 100% (control). Statistical analysis was performed by one-way analysis of variance (ANOVA) with 

Bonferroni’s post-test: * <0.05, *** p <0.001 vs control; # p <0.05, ### p <0.001 vs cortisol; §p<0.05, §§p<0.01, 

§§§p<0.001 vs nutraceutical mix. 

 

 

 

 

 



 

Supplementary figure 6: Evaluation of gene expression related to well-being and neuronal plasticity in H9-derived 

NSCs. Cells were treated with the mix [1’’] and mix [1’] for 24 h and for an additional 24 h with cortisol at 250 µM; at 

the end of the treatments, mRNA was extracted and the cDNA levels of BDNF (a), SIRT-1 (b), CREB (c) and PRG-1 (d) 

were quantified by real time PCR analysis. Data are the mean ± SEM of three different experiments, each performed in 

duplicate, and reported as percentage of untreated cells set to 1 (control). Statistical analysis was performed by one-way 

analysis of variance (ANOVA) with Bonferroni’s post-test: * p <0.05, ** p <0.01, *** p <0.001 vs control; ### p <0.001 

vs cortisol. 
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