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A B S T R A C T   

Alzheimer’s disease (AD) is the most common type of dementia worldwide, characterized by the deposition of 
neurofibrillary tangles and amyloid-β (Aβ) peptides in the brain. Additionally, increasing evidence demonstrates 
that a neuroinflammatory state and oxidative stress, iron-dependent, play a crucial role in the onset and disease 
progression. Besides conventional therapies, the use of natural-based products represents a future medical option 
for AD treatment and/or prevention. We, therefore, evaluated the effects of a ribonucleotides-based ingredient 
(Ribodiet®) in a non-genetic mouse model of AD. To this aim, mice were injected intracerebroventricularly (i.c. 
v.) with Aβ1–42 peptide (3 µg/3 μl) and after with Ribodiet® (0.1–10 mg/mouse) orally (p.o.) 3 times weekly for 
21 days following the induction of experimental AD. The mnemonic and cognitive decline was then evaluated, 
and, successively, we have assessed ex vivo the modulation of different cyto-chemokines on mice brain ho
mogenates. Finally, the level of GFAP, S100β, and iron-related metabolic proteins were monitored as markers of 
reactive gliosis, neuro-inflammation, and oxidative stress. Results indicate that Ribodiet® lessens oxidative 
stress, brain inflammation, and amyloid pathology via modulation of iron-related metabolic proteins paving the 
way for its rationale use for the treatment of AD and other age-related diseases.   

1. Introduction 

Alzheimer’s disease (AD) is the most common type of dementia 
worldwide [1], clinically characterized by cognitive decline and 
behavioral alterations [2,3]. Pathologically, it presents accumulation of 
amyloid-β (Aβ) plaques, neuronal degeneration, glial activation, and a 

persistent neuro-inflammation due to the increased production of 
pro-inflammatory cytokines such as interleukin (IL)-1α, IL-16, IL-17, 
intercellular adhesion molecule-1 (ICAM-1), and chemokine CXC ligand 
(CXCL)-12, mainly up-regulated in the pre-frontal cortex and hippo
campus [4,5]. 

Recent evidence also highlights the pathological role of iron 
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metabolism dysregulation in the onset and AD progression [6,7]. 
Particularly, ferrous iron (Fe2+), a metal required for normal cellular 
metabolism, acts as a catalyst in the Fenton’s reaction that generates free 
radical species, including hydroxyl radicals (•OH) that can exacerbate 
the oxidative stress related to AD onset [8–10]. In support of these hy
potheses, high levels of iron content and related reactive oxygen species 
(ROS) have been detected in the AD brain [11]. Accordingly, the current 
knowledge suggested that, in the brain, the iron balance depends on the 
normal expression of proteins that control its uptake (transferrin 
Receptor-1; TfR-1), release, storage (ferritin; Fer), and transport 
(transferrin; Tf). Ferritin is considered the endpoint of iron metabolism 
due to its involvement in removing and storing iron excess to reduce 
cellular injury and oxidative stress [12]. Moreover, it has been reported 
that perturbation of iron homeostasis in the brain is reflected periph
erally by haematological values [13,14]. Accordingly, Faux and coll. 
demonstrated that AD patients had significantly lower systemic hae
moglobin levels with a pathological change of transferrin-haemoglobin 
ratio, as a consequent alteration of iron transportation to bone marrow 
[15]. 

On the other hand, elevated oxidative stress (particularly iron- 
mediated) has been shown to impair physiological cellular bio
energetics and intensify by depleting nucleosides and nucleotides that 
have a significant role in cognitive and motor functions [16,17]. In this 
context, Alonso-Andrèes and coll. [18] reported that during the early 
stages of AD occurs an alteration of purines and pyrimidines metabolic 
pathways, nitrogenous bases involved in the core reaction of nucleo
sides, nucleotides, DNA, and RNA synthesis [19]. Accordingly, in several 
studies have been reported the positive neurotrophic effects exerted by 
nucleotides, especially ribonucleotides, in hippocampal neurons and 
glial cells [20], where these components seem to induce the release of 
those endogenous protective factors such as transforming growth 
factor-beta (TGF-β) and fibroblast growth factor-2 (FGF-2) [21] that 
interrupt amyloidogenic pathways promoted by AD-related oxidative 
stress [22]. 

Given the notable contribution of neuro-inflammation and iron 
metabolism in AD and the stringent involvement of nucleosides and 
nucleotides on neuronal functions, we decided to examine whether a 
ribonucleotides-based ingredient could ameliorate Aβ-induced neuro- 
inflammation and oxidative stress. 

2. Materials and methods 

2.1. Reagents 

Ribodiet® (batch number #D3/058420) was supplied and certifi
cated by PROSOL S.p.A. (Certificate of analysis in Supplementary 
Fig. 1). This natural product, extracted from Kluyvermomyces Fragilis 
(ratio quantity of the genuine initial preparation/final product 15:1 kg), 
with a gentle, standardized, and highly controlled process, solvent-free, 
is a source of nucleotides (expressed as heptahydrate, > 40% 7 H2O), 
nucleosides, oligonucleotides, ribonucleic acids fragments, amino acids, 
minerals, and group B vitamins (Table 1). The starting raw material, 
filtered by microfiltration (by 0.45 µm membranes) to separate sus
pended particles from the process liquid, was subjected to a first dilution 
by adding osmotic water until a pH value of 5.5. The mass thus obtained 
was subjected to a heat treatment step, at a temperature between 90 ◦C 
and 100 ◦C for 20–30 min, followed by a cooling process by adding 
water in quantity sufficient to lower the temperature to 70 ◦C. The 
conditions thus obtained (70 ◦C and pH between 5.3 and 5.5) are those 
considered optimal for the activity of the enzyme necessary to hydrolyze 
RNA. The obtained enzyme, dissolved in a separated container of 10–15 
L, was then added into the reactor before a hydrolysis process of 10 h at 
70 ◦C. Finally, the mass was subjected to a centrifugation step in a 
clarifying centrifuge and a subsequent concentration step under 
vacuum. 

Full technical data sheet specification is reported in Supplementary 

Fig. 2. HPLC profile and standards methods (Supplementary Fig. 3) were 
conducted following ISO directives (78-2:1999) and EMA guidelines for 
herbal medicinal products [23]. 

Proteome profiler mouse cytokine Array Kits were purchased from 
R&D System (Milan, Italy). Aβ1–42 and Aβ42–1 peptides were purchased 
from Tocris (Milan, Italy). For western blot analysis, the primary mouse 
monoclonal antibodies were obtained from Novus Biologicals (Milan, 
Italy). Mouse monoclonal anti-actin was obtained from Sigma-Aldrich 
Co (Milan, Italy). Secondary antibodies (anti-mouse) were purchased 
from Dako (Copenhagen, Denmark). The mouse transferrin ELISA kit 
was purchased from Abcam (Cambridge, UK). Unless otherwise stated, 
all the other reagents were from Carlo Erba (Milan, Italy). 

2.2. Animals 

CD-1 male mice (10–14 weeks of age, 25–30 g of weight) were 
purchased from Charles River (Milan, Italy) and kept in an animal care 
facility under controlled temperature, humidity, and light/dark cycle 
with food and water ad libitum. All animal procedures were performed 
according to the Declaration of Helsinki (European Union guidelines on 
the use of animals in scientific experiments), and following ARRIVE 
guidelines [24,25]. Experimental study groups were randomized and 
blinded. All procedures were carried out to minimize the number of 
animals used (N = 7 per group) and their suffering. 

2.3. In vivo animal model and drug administration 

Mice were randomly separated into 7 experimental groups, as re
ported in Fig. 1B, balancing body weight variation across groups. For the 
in vivo non-genetic model, we used a well-established AD [26] method 
consisting of a direct intracerebroventricular (i.c.v.) injection of Aβ1–42 
fragment. Briefly, before the injection, Aβ1–42 protein was dissolved in 
PBS (1 μg/μl) in tubes that were sealed and incubated for 1 day at 37 ◦C 
to allow peptide assembly state. Anesthetized mice (mixture of N2O and 
O2 70:30 w/v containing 2% isoflurane) were then injected with 
aggregated Aβ1–42 peptide (3 μg/3 μl) or its inactive control peptide 
Aβ42–1 (3 μg/3 μl) into cerebral ventricle at a rate of 1 μl/min, using a 
microsyringe (10 μl, Hamilton) according to the procedure previously 
[26]. The needle was removed after 3 min using three intermediate steps 
with 1 min interested delay to minimize backflow. Control group 
received the surgery procedure and Aβ peptide vehicle injection. After 

Table 1 
Schematic description of quali-quantitative Ribodiet® profile.  

AA Quantity Unit of Measurement 

Aspartic Ac. incl. Asparagine 1.4 g/100 g 
Glutammico Ac. incl. Glutammine 2.1 g/100 g 
Alanine 0.8 g/100 g 
Arginine 0.7 g/100 g 
Glycine 1.6 g/100 g 
Leucine 0.7 g/100 g 
Lysine 1.1 g/100 g 
Serine 0.6 g/100 g 
Threonine 0.6 g/100 g 
Valine 0.5 g/100 g 
VITAMINS 
B2 (Riboflavine) 88 mg/kg 
PP (Nicotinic Ac. and nicotinamide) 69 mg/kg 
B6 (Pyridoxine) 6 mg/kg 
B12 (Cyanocobalamin) 23 µg/kg 
Pantotenic Ac. 32 mg/kg 
Folate 205 µg/100 g 
MINERALS 
Ca 512 mg/100 g 
P 5.5 g/100 g 
Mg 186 mg/100 g 
K 240 mg/100 g 
Na 6.1 g/100 g 
Zn 2.6 mg/100 g  
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surgery and Aβ administration, mice were placed on a thermal pad until 
they recovered from the anesthetic. All procedures were performed 
under strictly aseptic conditions. The Hamilton syringe used for i.c.v. 
injections was frequently washed with distilled water followed by 
flushing with 1 mg/ml BSA solution to avoid non-specific binding of 
peptides to glass. To evaluate the protection profile of the Ribodiet® 
against Aβ1–42 peptide-induced neuro-inflammation, we used oral (p.o.) 
administration of Ribodiet® (0.1–10 mg/mouse) and its related control 
(denatured Ribodiet®; 10 mg/mouse) for 21 days (experimental 
endpoint; Fig. 1A). 

2.4. Behavioural studies 

21-day-post Aβ1–42 administration, mice were tested for novel object 
recognition (NOR), olfactory discrimination (OD), and Y-maze (Fig. 1A). 
All tests were performed between 9 a.m. and 2 p.m. in an experimental 
room with sound isolation. The animals were carried to the test room 
for, at least, 1 h for acclimation. Behavior was monitored using a video 
camera positioned above the apparatus, and the videos analysed in a 
blinded fashion (two operators) using video tracking software (Any- 
maze, Stoelting, Wood Dale, IL, USA). 

2.4.1. Novel object recognition (NOR) 
The NOR task exploits a mouse’s natural tendency to explore a novel 

object after previous exposure to two identical objects. Mice were 
habituated for 10 min into the arena to reduce anxiety associated with 
the novel arena (plastic arena 30 × 30 × 50 cm). After this habituation 
stage, mice were ready to perform the task, which was conducted using a 
familiarization trial (T1) and a test trial (T2) separated by 30 min. 

During T1, mice could explore for 10 min two identical objects (plastic 
screw-top tubes) secured to the floor using a small amount of Blu Tack in 
habituated arenas. For T2, one identical object from T1 was replaced 
with a novel object (small green flask), and mice could freely explore for 
5 min. T1 and T2 were recorded using a video camera and analysed for 
the time spent interacting with the novel object. All areas were cleaned 
with 80% ethanol before the test. Novel object exploration was calcu
lated in T2 by (T novel × 100)/(T novel + T identical) with exploration 
defined as the nose being less than 1 cm from the object when facing the 
object or actively engaging with the object by sniffing or paw touching. 
Climbing on the object was not considered exploratory. 

2.4.2. Y-maze task 
Spontaneous alternation is a measure of spatial working memory. 

Such short-term working memory was assessed by recording sponta
neous alternation behavior during a single session in the Y-maze (made 
with three arms, 40 cm long, 120◦ separate) positioned at the exact 
location for all procedures. Each mouse was placed at the end of one arm 
and allowed to move freely through the maze during a 5 min session. 
The series of arm entries were visually recorded. An arm choice was 
considered only when both forepaws and hind paws fully entered the 
arm. The Y-maze was cleaned after each test with 80% ethanol to 
minimize odor cues. Alternation was defined as a successive entrance 
onto the three different arms. The number of correct entrance sequences 
(e.g., ABC and BCA) was defined as the number of actual alternations. 
The number of total possible alternations was, therefore, the total 
number of arm entries minus two, and the percentage of alternations 
was calculated as actual alternations / total alternations × 100 [27]. 

Fig. 1. Schematic representation of experimental plan (behavioral studies and biochemical/molecular analysis) (A) and in vivo experimental groups and drug 
administration (B). 
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2.4.3. Olfactory discrimination 
The task is based on the fact that mice prefer places with their own 

odor (familiar compartments) instead of places with unfamiliar odors. In 
this test, mice had access to two adjacent identical chambers separated 
by an intermediate zone. One chamber contained familiar bedding from 
its home cage over the last 48 h (familiar), whereas the other contained 
fresh bedding (non-familiar). Mice were placed individually into the 
intermediate zone and allowed to explore each chamber for 10 min 
freely. Rodents can discriminate familiar versus non-familiar chambers 
because they prefer their odor to no odor at all [27]. The time spent in 
each chamber was recorded and analysed. An olfactory discrimination 
index was generated according to the following formula: T familiar / (T 
familiar + T non-familiar), where T equal time and/or 0.5 as final value 
were considered as no preference. 

2.5. Cytokine and chemokine protein array 

All mice were sacrificed at the experimental endpoint, and brains 
were immediately taken. Whole brains were collected into a 2.0 ml tube 
for immediate preservation in liquid nitrogen and successive storage at 
− 80 ◦C. The isolated tissues were homogenized in ice-chilled Tris-HCl 
buffer (20 mM, pH 7.4) containing 0.32 M sucrose, 1 mM EDTA, 
1 mM EGTA, 1 mM PMSF, 1 mM sodium orthovanadate, and one pro
tease inhibitor tablet per 50 ml of buffer. Protein concentration was 
determined by the BioRad protein assay kit (Bio-Rad, Italy). According 
to the manufacturer’s instructions, equal volumes (1.5 ml) of the pulled 
homogenates were then incubated with the pre-coated proteome pro
filer array membranes. Dot plots were detected by using the enhanced 
chemiluminescence detection kit and Image Quant 400 GE Healthcare 
software (GE Healthcare, Italy) and successively quantified using GS 800 
imaging densitometer software (Biorad, Italy) as previously described 
[5]. 

2.6. Western blot analysis 

Whole-brain tissue homogenates (35 μg of protein) were subjected to 
SDS-PAGE (10% gel) using standard protocols, as previously described 
[28,29]. The proteins were transferred to PVDF membranes in the 
transfer buffer (25–mM Tris-HCl [pH 7.4] containing 192–mM glycine 
and 20% v/v methanol) at 400 mA for 2 h. The membranes were satu
rated by incubation for 2 h with nonfat dry milk (5% wt/v) in PBS 
supplemented with 0.1% (v/v) Tween 20 (PBS-T) for 2 h at room tem
perature and then incubated with 1:1000 dilution of anti-Aβ1–42, 
anti-GFAP (glial fibrillary acidic protein), anti-IRP-1 (iron regulatory 
protein-1), anti-ferritin, anti-TfR-1 or with 1:2000 dilution of anti-Actin 
(after stripping) overnight at 4 ◦C and then washed 3 times with PBS-T. 
Blots were incubated with a 1:3000 dilution of HRP-conjugated sec
ondary Ab for 2 h at room temperature and then washed 3 times with 
PBS-T. Protein bands were detected using the enhanced chem
iluminescence detection kit and Image Quant 400 GE Healthcare soft
ware (GE Healthcare, Italy). Protein bands were quantified using GS 800 
imaging densitometer software (Biorad, Italy) and normalized with 
respective actin. 

2.7. ELISA assay 

Enzyme-linked immunosorbent assays (ELISA) for calcium-binding 
protein β (S100β) and transferrin were carried out respectively on 
whole-brain tissue homogenates and serum samples (collected by an 
intracardiac puncture at experimental endpoint). Briefly, 100 μl of tissue 
supernatants and 100 μl of serum samples, diluted standards, quality 
controls, and dilution buffer (blank) were applied on a pre-coated plate 
with monoclonal anti-S100β and anti-transferrin for 2 h. After washing, 
100 μl of biotin labeled antibody was added for each plate, and incu
bation continued for 1 h. The plates were washed, and 100 μl of 
streptavidin-HRP conjugate was added, and the plates were incubated 

for a further 30 min period in the dark. The addition of 100 μl of the 
substrate and stop solution represented the last steps before the absor
bance reading (measured at 450 nm) on a microplate reader. S100β and 
transferrin levels in the samples were determined respectively using a 
standard curve of S100β [26], expressed as μg/ml, and a standard curve 
of transferrin [5], expressed as mg/dl. 

2.8. Haematological investigations 

Standard laboratory procedures were used for blood sampling and 
measurements [30]. Haematological investigations, for all experimental 
conditions, including blood count test, leukocyte, and sidereal formula 
were performed on citrated and not-anticoagulated blood samples, 
respectively. Serological tests were performed by CELL-DYN Sapphire 
purchased from Abbott S.r.l. (Milan, Italy). All procedures were con
ducted under strictly aseptic conditions. 

2.9. Data and statistical analysis 

The data and statistical analysis in this study comply with the in
ternational recommendations on experimental design and analysis in 
pharmacology [31] and data sharing and presentation in preclinical 
pharmacology [32,33]. The results obtained were expressed as the 
mean ± SEM. Statistical analysis was performed by using one-way, or 
two-way ANOVA followed by Dunnett’s or Bonferroni’s for multiple 
comparisons. GraphPad Prism 8.0 software (San Diego, CA, USA) was 
used for analysis. Differences between means were considered statisti
cally significant when P ≤ 0.05 was achieved. Sample size was chosen to 
ensure alpha 0.05 and power 0.8. Animal weight was used for 
randomization and group allocation to reduce unwanted sources of 
variations by data normalization. No animals and related ex vivo samples 
were excluded from the analysis. In vivo and in vitro studies were carried 
out to generate groups of equal size (N = 7 of independent values), using 
randomization and blinded analysis. 

3. Results 

3.1. Ribodiet® alleviates the Aβ1–42-induced memory decline and 
learning deficit 

Consistent with the demonstration that olfactory dysfunction occurs 
at the early stage of Aβ-induced pathology, the administration of Aβ1–42 
(3 μg/3 μl, i.c.v.) significantly decreased the capability of mice to 
discriminate new and familiar odors, when examined in the olfactory 
discrimination test compared to Control (P ≤ 0.01 vs Ctrl, Fig. 2A) and 
Aβ42–1 groups (data not shown). Interestingly, administration of Ribo
diet® (0.1–10 mg/mouse, p.o.) was shown to significantly attenuate the 
olfactory dysfunction at 21 days following Aβ1–42 administration 
(P ≤ 0.05 vs Aβ1–42, Fig. 2A). Consistently, administration of Aβ1–42 
reduced the delta time in the novel Object Recognition (NOR) test 
(P ≤ 0.01 vs Ctrl, Fig. 2B), whereas Ribodiet® significantly attenuated 
the Aβ1–42-related impairment (Fig. 2B). Furthermore, the possible 
neuroprotective effects of Ribodiet® was evaluated on the Aβ1–42- 
induced learning deficits. The percentage of correct alternations in the 
Y-maze test was then analysed on day 21 after Aβ1–42 injection. Aβ1–42 
fragment induced a significant impairment of spontaneous alternation 
performances in Y-maze test compared to Control (P ≤ 0.05 vs Ctrl, 
Fig. 2C) and Aβ42–1 group (data not shown). Remarkably, Ribodiet® 
administrated at the higher doses of 1.0 and 10 mg/mouse (p.o.) 
resulted in a significant (P ≤ 0.05) attenuation of the Aβ1–42-induced 
spontaneous alternation impairments (Fig. 2C). No significant differ
ences were found in the total number of arm entries (Fig. 2D). 
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3.2. Ribodiet® reduces mice reactive gliosis by the reduction of GFAP and 
S100β 

We began our biochemical analysis by confirming the behavioral 
findings associated with Aβ1–42 levels by western blot analysis on whole- 
brain tissue homogenates (Fig. 3A). As expected, Aβ1–42 levels were 
significantly higher in the Aβ1–42 group compared to Control (P ≤ 0.005 
vs Ctrl, Fig. 3A and C), while no significant modulation was observed 
after Ribodiet® treatment. Based on these findings, we decided to 
examine the expression of GFAP and S100β as markers of reactive gliosis 
to evaluate the potential neuroprotective effects of Ribodiet®. Inter
estingly, we found that the administration of Aβ1–42 induced a signifi
cant increase of GFAP protein compared to Control-treated mice 
(P ≤ 0.01 vs Ctrl Fig. 3A and B). Remarkably, the levels of GFAP were 
significantly attenuated after Ribodiet® treatment at the dose of 1 and 
10 mg/mouse (P ≤ 0.01 vs Aβ1–42, Fig. 3B). Uncropped and original 
western blots are presented in Supplementary Fig. 4. According to these 
results, we observed that the administration of Aβ1–42 provoked a 
marked and significant increase of S100β expression compared to Con
trol group (P ≤ 0.01 vs Ctrl Fig. 3D), while treatment with Ribodiet® 
(1–10 mg/mouse, p.o.) decreased the increase of this protein in mice 
brain homogenates (P ≤ 0.05 vs Aβ1–42, Fig. 3D). 

3.3. Ribodiet® decreases mice neuro-inflammation by modulation of pro- 
inflammatory cyto-chemokines 

We next analysed the cytokine and chemokine profile from total 
brain homogenates of selected experimental groups. In line with our in 
vivo evidence, Fig. 4 shows that the administration of Ribodiet® induced 
a selective reversal of pro-inflammatory onset (Fig. 4A–D). Densito
metric analysis revealed that Ribodiet® at the higher doses of 1 and 
10 mg/mouse (p.o.) induced a specific modulation (Fig. 4E) in the 
following factors: CXCL-13 (P ≤ 0.001), CXCL-1 (P ≤ 0.001), IL-1α 
(P ≤ 0.001), IL-1Ra (P ≤ 0.001), IL-16 (P ≤ 0.001), keratinocyte- 
derived cytokine (KC; P ≤ 0.001), macrophage inflammatory protein 
(MIP)-1α (P ≤ 0.001), MIP-2 (P ≤ 0.001), tissue inhibitors of metal
loproteinase (TIMP)-1 (P ≤ 0.001), triggering receptor expressed on 
myeloid cells-1 (TREM-1; P ≤ 0.001), complement component 5a (C5a; 
P ≤ 0.05 for Ribodiet® 10 mg/mouse), ICAM-1 (P ≤ 0.05; P ≤ 0.001 
respectively for Ribodiet® 1 and 10 mg/mouse) and stromal derived 
factor-1 (SDF-1; P ≤ 0.001) compared to Aβ1–42 group. A similar 
inhibitory profile was found for Ribodiet® at the lowest dose of 0.1 mg/ 
mouse for the following cyto-chemokines: CXCL-1 (P ≤ 0.001), IL-1Ra 
(P ≤ 0.001), KC (P ≤ 0.001), MIP-1α (P ≤ 0.001), MIP-2 (P ≤ 0.001), 
TIMP-1 (P ≤ 0.05), TREM-1 (P ≤ 0.001) and SDF-1 (P ≤ 0.01) (Fig. 4E). 

Fig. 2. Neuroprotective effect of Ribodiet® at the doses of 0.1, 1 and 10 mg/mouse on olfactory discrimination test (A), object recognition test (B), Aβ1–42-induced 
spontaneous alternation deficits in mice (C), and for total number of arm entries in Y-maze test (D). Mice were injected intracerebroventricularly (i.c.v.) with PBS 
(3 μl; Ctrl), i.c.v. Aβ1–42 peptide (3 µg/3 μl), or i.c.v. Aβ1–42 peptide (3 µg/3 μl) + Ribodiet® (0.1–10 mg/mouse). After 21 days, mice were examined for the time 
spent in familiar (TF) or unfamiliar (TNF) chamber (A), Delta (Δ) of time with a familiar or a novel object (B), spontaneous alternation in the Y-maze apparatus (C-D). 
The results obtained were expressed as the mean ± SEM. Statistical analysis was conducted by using one-way ANOVA followed by Bonferroni’s for multiple com
parisons. #P ≤ 0.05, ##P ≤ 0.01 vs Ctrl-treated group; *P ≤ 0.05, **P ≤ 0.01 vs Aβ1–42 peptide-treated group (N = 7 per group). 
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3.4. Effect of Ribodiet® on Aβ1–42-induced alteration of haematological 
parameters 

Considering that AD is commonly associated with a perturbation of 
circulating iron metabolism, we next analysed the effect of Ribodiet® on 
the biochemical indicators of iron homeostasis and related haemato
logical parameters. As shown in Table 2, the administration of Aβ1–42 
induced a significant increase of sideremia (expressed as μg/dl) 
compared to Control (P ≤ 0.01 vs Ctrl, Table 2) and Aβ42–1 groups (data 
not shown). Remarkably, the levels of sideremia were significantly 
attenuated after the administration of Ribodiet® at the dose of 1 and 
10 mg/mouse (P ≤ 0.01 vs Aβ1–42); whereas no significant differences 
were found for serum concentrations of transferrin (mg/dl) in all 
experimental groups (Table 2). Interestingly, we observed that the 
administration of Aβ1–42 provoked a marked and significant decrease of 
red blood cells (expressed as 106/μl; P ≤ 0.01 vs Ctrl), haemoglobin 
(expressed as g/dL; P ≤ 0.05 vs Ctrl), and haematocrit (expressed as %; 
P ≤ 0.01 vs Ctrl) compared to Control and Aβ42–1 groups (data not 
shown), while treatment with Ribodiet® (1–10 mg/mouse) significantly 
reverted the reduction of these haematological parameters in mice 
serum samples (red blood cells: P ≤ 0.01; haemoglobin: P ≤ 0.05; hae
matocrit: P ≤ 0.01 vs Aβ1–42; Table 2). Moreover, our results showed 
that the administration of Aβ1–42 did not induce significant variances of 
haematologic indices of white blood cells (expressed as 103/μl) and 
platelets (expressed as 103/μl) (Table 2), as well as total leucocyte for
mula (neutrophils, monocytes, lymphocytes, eosinophils, basophils) 
(Supplementary Table 1). 

3.5. Effect of Ribodiet® on Aβ1–42-induced alteration of brain iron 
homeostasis 

Based on previous results, we decided to examine the expression of 
proteins involved in iron regulation (IRP-1), its uptake (TfR-1), and 
storage (ferritin). As reported in Fig. 5, western blot analysis performed 
on total brain homogenates shown a significant increase of TfR-1 
expression in Aβ1–42-treated group (P ≤ 0.01 vs Ctrl, Fig. 5A and C) 
and a significant reduction after Ribodiet® treatment at the higher doses 
of 1 (P ≤ 0.05) and 10 mg/mouse (P ≤ 0.01) (Fig. 5A and C). 

The results observed in terms of TfR-1 expression were also 
confirmed by a specular and significant modulation of ferritin levels 
(P ≤ 0.01 vs Ctrl; P ≤ 0.05 and P ≤ 0.01 vs Aβ1–42, respectively for 
Ribodiet® 1 mg/mouse and Ribodiet® 10 mg/mouse, Fig. 5A and D). 
However, no significant effects were observed in Aβ1–42 and Ribodiet®- 
treated groups in term of IRP-1 expression (Fig. 5A and B). Uncropped 
and original western blots are presented in Supplementary Fig. 5. 

4. Discussion 

Alzheimer is the most common and one of the most studied neuro
degenerative disorder [1]. It has become a critical issue to human 
health, especially in aging societies, and therefore, it is a focus of 
research in the global scientific community [34]. It is a multifactorial 
disorder primarily characterized by the deposition of amyloid plaques in 
the brain, leading to irreversible cognitive impairment and 
neuro-inflammation that mainly involves hippocampus and cortex dis
tricts [35]. 

Different research studies in the field of age-cognitive diseases have 
been conducted to discover how the brain degenerates and the impor
tance of “nutritional determinant” in AD onset and development [36]. In 

Fig. 3. Representative western blotting (A) and related cumulative densitometric analyses of GFAP (B) and Aβ1–42 (C) proteins in whole brain tissue homogenates 
from mice injected intracerebroventricularly (i.c.v.) with PBS (3 μl; Ctrl), i.c.v. Aβ1–42 peptide (3 µg/3 μl), or i.c.v. Aβ1–42 peptide (3 µg/3 μl) + Ribodiet® 
(0.1–10 mg/mouse). Values are presented as means ± SEM of three separate independent experiments run each with N = 7 mice per group pooled. Statistical 
analysis was conducted by one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01, ###P ≤ 0.005 vs Ctrl-treated group; **P ≤ 0.01 vs Aβ1–42 
peptide-treated group. Effect of Ribodiet®, in all tested doses, on the release of S100β protein (detected by ELISA assay and expressed as μg/ml) in total brain 
homogenates (D). The results obtained were expressed as the mean ± SEM. Statistical analysis was performed by using one-way ANOVA followed by Bonferroni’s for 
multiple comparisons. ##P ≤ 0.01 vs Ctrl-treated group; *P ≤ 0.05 vs Aβ1–42 peptide-treated group (N = 7 per group). 
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this context, comprehensive literature research reveals evidence linking 
the consumption of essential nutrients to preventing the disease condi
tions that result in cognitive decline and how a “nutraceutical approach” 
could stimulate neuroprotection mechanisms and regulate risk factors in 
neurodegenerative diseases [37,38]. 

Based on these evidences, here we examined the potential protective 
effect of Ribodiet® in the onset of Aβ1–42-induced neuro-inflammation. 
The main finding in this study is that Ribodiet® can reverse in vivo the 
memory deficits of AD, and suppress the reactive gliosis and neuro- 
inflammation. In detail, for the first time, our results show that Ribo
diet® rescues the memory performance decline in Aβ1–42-induced AD in 
the main behavioural and mnemonic tests (Y-maze, Object Recognition, 
Olfactory discrimination), without interfering with their motor activity. 

Besides, Ribodiet® reverses reactive gliosis and neuro-inflammation, 
as indicated ex vivo by the reduced production of S100β, a glial-derived 
protein that is mainly secreted from activated astrocytes and microglia 

[39–41]. S100β, at low concentrations, is considered a neurotrophic 
factor and neuronal survival protein during the development of the 
nervous system [42]. Conversely, when overproduced by activated glia, 
this protein becomes a mediator of pathology, influencing disease pro
gression by acting as a pro-inflammatory cytokine, thus contributing to 
the exacerbation of neuro-inflammation and neuronal dysfunction [43]. 
In addition, S100β production can be stimulated by mediators associated 
with AD, including β-amyloid and pro-inflammatory cytokines [42]. 
Collectively, this highlights the crucial role of S100β in AD onset and 
progression, and the relevant effects of Ribodiet® in reducing its 
expression in mouse whole brain. Contextually, it is essential to under
line that, in this scenario, astrocytes (a subtype of glial cells) can change 
into a so-called reactive state of astrogliosis characterized by the 
increased expression of GFAP that lead to the formation of amyloid 
plaques and, to a lesser extent, neurofibrillary tangles [40,44]. The 
western blot analysis of GFAP performed on brain tissue indicates that 

Fig. 4. Inflammatory fluids obtained from total brain homogenates, after 21 days of treatment of Aβ1–42 + Vehicle Ribodiet® (A), Aβ1–42 + Ribodiet® 0.1 mg/mouse 
(B), Aβ1–42 + Ribodiet® 1 mg/mouse (C), Aβ1–42 + Ribodiet® 10 mg/mouse-treated mice (D) were assessed using a proteome profiler cytokine array panel and 
presented as heatmap for their related densitometric analysis (E). Data (expressed as INT/mm2) are presented as the mean ± SEM of positive spots of three inde
pendent experiments run each with N = 7 mice per group pooled. Statistical analysis (reported in the text) was performed by using two-way ANOVA followed by 
Dunnett’s for multiple comparisons. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.001 vs Aβ1–42 peptide-treated group (N = 7 per group). 

Table 2 
Serum samples collected by intracardiac puncture of Ctrl + Vehicle Ribodiet®, Aβ1–42 + Vehicle Ribodiet®, Aβ1–42 + Ribodiet® (0.1–10 mg/mouse)-treated mice 
were assessed for haematological parameters (white blood cells, red blood cells, haemoglobin, haematocrit, and platelets) and biochemical indicators of iron ho
meostasis (sideremia, transferrin). Results obtained were expressed as the mean ± SEM. Statistical analysis was performed by using one-way ANOVA followed by 
Bonferroni’s for multiple comparisons. #P ≤ 0.05, ##P ≤ 0.01 vs Ctrl-treated group; *P ≤ 0.05, **P ≤ 0.01 vs Aβ1–42 peptide-treated group (N = 7 mice per group).  

Parameters Control Aβ1–42 Aβ1–42 + Ribodiet® 0.1 mg/ 
mouse 

Aβ1–42 + Ribodiet® 1 mg/ 
mouse 

Aβ1–42 + Ribodiet® 10 mg/ 
mouse 

Sideremia (μg/dL) 273.70 ± 56.08 973.10 ± 87.57## 1103.00 ± 215.10 357.00 ± 88.38** 327.90 ± 78.96** 
Transferrin (mg/dL) 48.71 ± 5.85 41.00 ± 1.00 48.14 ± 5.31 43.63 ± 3.62 47.31 ± 4.75 
White blood cells (103/ 

μl) 
10.87 ± 0.98 13.37 ± 1.19 12.12 ± 1.43 14.44 ± 2.01 13.22 ± 2.02 

Red blood cells (106/μl) 14.08 ± 0.65 9.74 ± 0.68## 7.34 ± 1.24 14.16 ± 0.76** 14.36 ± 1.07** 
Hemoglobin (g/dL) 24.19 ± 0.89 19.60 ± 0.96# 17.50 ± 1.49 23.84 ± 0.71* 24.20 ± 0.67* 
Hematocrit (%) 77.67 ± 3.41 48.76 ± 4.85## 39.40 ± 8.50 77.93 ± 2.10** 75.89 ± 4.20** 
Platelets (103/μl) 894.10 ± 149.30 1249.00 ± 201.40 988.00 ± 88.18 818.40 ± 124.70 997.30 ± 90.53  
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Ribodiet®-treated animals shown a significant reduction of this fibril
lary protein that may lastly reduce the number of neurofibrillary tangles 
in mice AD brain. 

In line with our previous studies [5,26], to strengthen and better 
analyse the neuro-protective effects of Ribodiet®, we also monitored the 
level of typical pro-inflammatory cyto-chemokines that are normally 
up-regulated during pathology onset and progression [45–48]. Accord
ingly, we found an elevated expression of different pro-inflammatory 
mediators such as IL-1α, IL-1Ra, IL-16, CXCL-1, CXCL-13, MIP-1α, 
TIMP-1, TREM-1, ICAM-1, SDF-1, MIP-2 cytokines, and chemokines in 
the brain of Aβ-treated mice. Interestingly, we report, for the first time, a 
significant reduction of these pro-inflammatory cascades after Ribo
diet® treatment suggesting a modulation of the key cyto-chemokines 
released from activated astrocytes and microglia involved in neuron 
protections and cognitive behaviors [5]. 

Another important physio-pathological aspect of AD is the oxidative 
damage and cell death [49,50] that in many neurological diseases, 
including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral 
sclerosis, and others seem to be related to iron accumulation [51,52]. 
Iron is essential for the brain’s normal development and functions; 
however, excess redox-active iron can lead to oxidative damage and 
neuronal death. Indeed, cellular iron level on central nervous system 
(CNS) is tightly regulated and modulated [53,54]. For these reasons, 
new strategies of therapy indicate that Fe2+ chelator may be a new 
target for AD disorders [55]. For instance, Tf constitutes a family of 
Fe-binding proteins that transport iron into the endosomal compartment 
of cells by forming complexes of Fe-bound Tf and the TfR [56]. Once 
Fe2+ is released from transferrin, it is known to induce the generation of 
oxygen radicals, which in turn stimulate the production of toxic Aβ 
oligomers [57]. Here, we shown that the levels of this transporter were 
not altered but, contextually, we observed a specular modulation of the 

TfR-1 and ferritin proteins (proteins implicated in iron uptake and 
storage respectively), thus highlighting the neuroprotective effect of 
Ribodiet®. 

Finally, it has been reported that perturbation of iron homeostasis in 
the brain is reflected peripherally by specific haematological values [13, 
14]. Accordingly, Faux and coll. [15] demonstrated that AD patients 
have significantly lower haemoglobin level compared to healthy pa
tients and a pathological change of transferrin-haemoglobin ratio, as a 
consequent alteration of iron transportation to bone marrow [15]. Our 
results confirmed these evidences and, according to haematological 
analyses, we observed in Aβ1–42-treated mice a reduction of the main 
parameters involved in iron peripheral homeostasis such as red blood 
cells, haematocrit, and haemoglobin. This circulant imbalance, corre
lated to the development of reactive oxygen species and 
neuro-inflammation, was completely reversed by the administration of 
high doses of Ribodiet®. 

5. Conclusion 

In conclusion, the experimental findings reported here confirm and 
extend previous data showing that oxidative stress, neuro-inflammation, 
and iron dysregulation are the detrimental factor for AD, where this 
element could represent a key factor for the “self-amplifying” neuro
inflammatory onset typical of Aβ-related disease (Fig. 6). Moreover, for 
the first time, we present a complete “picture” of how a supplementation 
with ribonucleotide-based ingredient (Ribodiet®) can lessen oxidative 
stress, brain inflammation and, amyloid pathology in a non-genetic 
mouse model of Alzheimer. However, future studies and clinical evi
dence will need to extend the protective role exerted by Ribodiet®, as a 
natural modulator of the developmental neuro-toxicity of AD. 

Fig. 5. Representative western blotting (A) and related cumulative densitometric analyses of IRP-1 (B), TfR-1 (C), ferritin proteins (D) in whole brain tissue ho
mogenates from mice injected intracerebroventricularly (i.c.v.) with PBS (3 μl; Ctrl), i.c.v. Aβ1–42 peptide (3 µg/3 μl), or i.c.v. Aβ1–42 peptide (3 µg/3 μl) + Ribodiet® 
(0.1–10 mg/mouse). Values are presented as means ± SEM of three separate independent experiments run each with N = 7 mice per group pooled. Statistical 
analysis was conducted by using one-way ANOVA followed by Bonferroni’s for multiple comparisons. ##P ≤ 0.01 vs Ctrl-treated group; *P ≤ 0.05, **P ≤ 0.01 vs 
Aβ1–42 peptide-treated group. 
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