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A B S T R A C T

Neuroinflammation has recently emerged as a key event in Parkinson's disease (PD) pathophysiology and as a 
potential target for disease-modifying therapies. Plant-derived extracts, rich in bioactive phytochemicals with 
antioxidant properties, have shown potential in this regard. Yet their clinical utility is hampered by poor systemic 
availability and rapid metabolism. Recently, our group demonstrated that intragastric delivery of Nasco pomace 
extract via nutriosomes (NN), a novel nanoliposome formulation, contrasts the degeneration of nigrostriatal 
dopaminergic neurons in a subacute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. 
In the present study, we investigated the impact of intragastric NN treatment on the reactivity of glial cells in the 
substantia nigra pars compacta (SNc) and caudate-putamen (CPu) of MPTP-treated mice. To this scope, in mice 
exposed to MPTP (20 mg/kg/day, × 4 days), we conducted immunohistochemistry analyses of glial fibrillary 
acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (IBA1) to assess the responsiveness of 
astrocytes and microglial cells, respectively. Additionally, we studied the co-localization of the pro-inflammatory 
interleukin (IL)-1β and tumor necrosis factor (TNF)-α with IBA1 to obtain insights into microglial phenotype. 
Immunohistochemical results showed that NN administration significantly mitigated astrogliosis and micro
gliosis in the CPu and SNc of mice receiving subacute MPTP treatment, with region-specific variations in anti- 
inflammatory efficacy. Remarkably, the CPu showed a heightened response to NN treatment, including a pro
nounced decrease in microglial IL-1β and TNF-α production. Altogether, these findings underscore the anti- 
inflammatory effects of NN treatment and provide a potential mechanism underlying the neuroprotective ef
fects previously observed in a subacute MPTP mouse model of PD.

1. Introduction

Parkinson's disease (PD) is the second most prevalent neurodegen
erative disorder, impacting approximately 8.5 million individuals 
worldwide, as indicated by the latest World Health Organization report 
(2023) (World Health Organization, 2023). Clinically, patients with PD 
exhibit characteristic motor symptoms, such as tremors, rigidity, 

bradykinesia, and postural instability, that occur upon the degeneration 
of 50–70 % of dopaminergic terminals in the caudate-putamen (CPu) 
(Cheng et al., 2010). These motor disturbances are often preceded or 
paralleled by one or more non-motor symptoms, exacerbating the 
overall impact on the patient's quality of life (Obeso et al., 2017). At 
present, available therapies only alleviate motor and non-motor symp
toms associated with PD. However, there is no treatment to cure or slow 
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down the progression of the disease (Pardo-Moreno et al., 2023).
In recent years, neuroinflammation has emerged as a central event 

contributing to PD's pathophysiology and as a potential target for 
disease-modifying therapies (Jurcau et al., 2023). Neuroinflammation is 
a complex process primarily orchestrated by two types of glial cells: 
astrocytes and microglia. Astrocytes, the prevailing glial cell type in the 
brain, provide structural and metabolic support to surrounding neurons 
while contributing to the maintenance of the blood-brain barrier 
integrity (Wang et al., 2023). Microglial cells constitute the principal 
resident immune cells in the brain and are fundamental in brain 
development and synaptic plasticity (Andoh and Koyama, 2021). In 
response to pathogens or brain injuries, astrocytes and microglial cells 
exhibit heightened proliferation and undergo significant morphological 
and metabolic changes, adopting a reactive phenotype (gliosis). 
Depending on the pathological context and the duration of glial acti
vation, this reactive state can yield either beneficial or deleterious ef
fects on neighboring neurons (Gelders et al., 2018). Previous 
neuroimaging and post-mortem investigations conducted on experi
mental models of PD and patients with PD have provided evidence of 
widespread gliosis affecting several brain regions, including the sub
stantia nigra pars compacta (SNc), CPu, thalamus, and cortex (Cebrián 
et al., 2014; McGeer et al., 1988; Ouchi et al., 2005). Importantly, 
reactive glial cells predominantly express a pro-inflammatory pheno
type, characterized by the production of inflammatory mediators, 
including reactive oxygen species, chemokines, and cytokines, such as 
tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1β, IL- 
6, and IL-2 (Liu et al., 2022; Tansey et al., 2022). Over time, the 
persistence of this proinflammatory environment significantly compro
mises the viability of nigrostriatal dopaminergic neurons.

Plant-based extracts have received great interest owing to their 
favorable tolerability and abundance in biologically active phyto
chemicals that can potentially modulate immune responses through 
multifaceted mechanisms (Parkhe et al., 2020; Parekh et al., 
2022Parekh et al., 2022; Yin et al., 2021). Due to their physicochemical 
properties (e.g. hydrophobicity, low aqueous solubility, and large size), 
low gastrointestinal absorption, and rapid metabolism, these natural 
compounds are often encapsulated within nanovesicle systems before 
their utilization. Compared with standard solutions containing the free 
form of a drug, this pharmacological strategy was found effective in 
improving the solubility, stability, and bioavailability of these phyto
chemicals, especially when administrated orally (Manconi et al., 2020; 
Roy et al., 2023). Among the available nanovesicle systems, liposomes, 
namely nano-sized spherical vesicles composed of an aqueous core 
surrounded by one or more lipid bilayers, have attracted much attention 
in the pharmacognosy and nutraceutical fields due to their high 
biocompatibility, flexible physicochemical and biophysical properties, 
and ease of preparation. Moreover, their ability to encapsulate both 
hydrophobic and hydrophilic compounds has been shown to be partic
ularly effective in enhancing their value as drug-delivery systems 
(Lombardo and Kiselev, 2022).

Starting from this compelling evidence, we recently assessed the 
neuroprotective effects of the grape pomace extract from the Nasco Vitis 
vinifera (NPE) in the subacute 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr
idine (MPTP) mouse model of PD (Parekh et al., 2022), wherein the 
degeneration of dopaminergic nigrostriatal neurons, while significant, 
does not manifest overt motor deficits (Pupyshev et al., 2019; Santoro 
et al., 2023). NPE (100 mg/kg) was administrated intragastrically (i.g.) 
either as a free suspension or following encapsulation in nano-liposomes 
formed by the combination of maltodextrin Nutriose® FM06 and the 
phospholipid S75 (Allaw et al., 2020), referred to as nutriosomes. 
Significantly, our investigation demonstrated that the administration of 
NPE through nutriosomes (NN), but not the suspension, conferred 
notable protection to tyrosine hydroxylase (TH)-positive neurons and 
fibers comprising the nigrostriatal tract against the subacute neurotoxic 
effects of MPTP (Parekh et al., 2022). Nonetheless, the precise mecha
nisms underpinning the neuroprotective effects of NN treatment 

remained unexplored.
Given the enrichment of NPE with antioxidant polyphenols (e.g., 

gallic acid, catechin, epicatechin, procyanidin B2, and quercetin) and 
the pronounced gliosis observed in the brain of mice subjected to sub
acute MPTP treatment (20 mg/kg/day, 4-consecutive days, intraperi
toneally (i.p.)) (Costa et al., 2013; Frau et al., 2011), in the present study 
we aim to address, through immunohistochemical evaluations, the 
impact and temporal dynamics of NN treatment in the counteraction of 
neuroinflammatory events occurring in the CPu and SNc of MPTP- 
treated mice.

2. Materials and methods

2.1. Chemicals and drugs

MPTP-HCl was purchased from MedChem Express, USA (HY-15608) 
and dissolved in distilled water. Grape pomaces, generated from the 
vinification process of the Nasco variety of Vitis vinifera, were provided 
by a local winery (Cantine Argiolas), and were harvested in southern 
Sardinia (Italy) in September–October 2020. Samples were dried and 
stored under vacuum at − 20 ◦C until use. Lipoid S75 was purchased 
from Lipoid (Ludwigshafen, Germany). Nutriose® FM06 was donated by 
Roquette (Lestrem Cedex, France). Ethanol and all other products were 
of analytical grade and were purchased from Merck (Milan, Italy).

2.2. Animals

Fifty-three 16–19 weeks old male C57BL/6 J mice (Charles River, 
Calco, Italy) weighing 25 ± 2 g at the beginning of the experiments were 
used. Mice were housed in a group of 4 per cage under constant tem
perature and a 12-h light/dark cycle. Standard laboratory chow and tap 
water were available ad libitum. All experiments were conducted in 
adherence with the guidelines for animal experimentation of the EU 
directives (2010/63/EU; L.276; 22/09/2010) and with the guidelines 
issued by the Organism for Animal Welfare (OPBA) of the University of 
Cagliari. Experiments were designed to minimize animal discomfort and 
to reduce the number of animals used.

2.3. Experimental plan

Fig. 1 illustrates the experimental plan. Fifty-three mice were 
randomly allocated into four experimental groups based on the respec
tive treatments: 1) saline (SAL) + vehicle (VEH), n = 11; 2) Nasco 
nutriosomes (NN) (100 mg/kg) + VEH, n = 5; 3) Empty nutriosomes 
(EN) + MPTP (20 mg/kg): n = 16; 4) Nasco nutriosomes (NN) (100 mg/ 
kg) + MPTP (20 mg/kg), n = 21. SAL, EN, and NN were administered i.g. 
via gavage (18-gauge) in a volume of 10 mL/kg of body weight. VEH and 
MPTP (20 mg/kg/day x 4 consecutive days) were given i.p. in a volume 
of 10 mL/kg of body weight. Before treatment, mice underwent one 
week of handling by experimenters (two daily sessions, 5 min each) to 
reduce animal distress. On day 1 (pre-treatment), mice received either 
SAL, EN, or NN. From day 2 to day 5 (combined treatment), mice 
received a daily i.p. injection of either VEH or MPTP. MPTP treatment 
was preceded (3 h prior) and succeeded (4 h later) by an i.g. adminis
tration of either SAL, EN, or NN. Thereafter, mice were divided into two 
groups for post-treatment in order to receive either a single i.g. admin
istration (on day 6) or three consecutive i.g. administrations (from day 6 
to day 8, once per day) of either SAL, EN, or NN. The dosage, route, and 
administration schedule of NN were determined according to a prior 
investigation by our group (Parekh et al., 2022).

2.4. Immunohistochemical experiments

2.4.1. Tissue preparation
Thirty minutes after the last i.g. administration of SAL, EN, or NN (on 

days 6 and 8), mice were deeply anaesthetized and transcardially 

P. Parekh et al.                                                                                                                                                                                                                                  Experimental Neurology 382 (2024) 114958 

2 



perfused with ice-cold saline (NaCl, 0.9 % w/v) followed by 4 % para
formaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Subse
quently, their brains were isolated, post-fixed in 4 % PFA for 2 h, and 
preserved in PB saline 1× (PBS) at 4 ◦C. On the subsequent day, brains 
were coronally cut on a vibratome (VT1000S, Leica Biosystems) to yield 
sections (50 μm thick) suited for immunohistochemical processing.

For each mouse, three coronal sections were obtained according to 
the following stereotaxic coordinates: A) CPu: 1.34 to 0.74 mm, B) SNc: 
− 2.92 to − 3.52 mm relative to bregma, according to the mouse brain 
atlas (Franklin and Paxinos, 2008).

2.4.2. Immunofluorescence for glial fibrillary acidic protein (GFAP), 
ionized calcium binding adaptor molecule 1 (IBA1), dopamine transporter 
(DAT), interleukin-1β (IL-1β), and tumor necrosis factor alpha (TNF-α)

Immunohistochemical evaluation of GFAP, IBA1, IL-1β, TNF-α, and 
DAT was carried out as previously described (Pinna et al., 2021). In 
brief, free-floating sections were rinsed in 0.1 M PB, blocked, and per
meabilized in 0.1 M PB containing 3 % normal goat serum/ normal 
donkey serum, 0.05 % bovine serum albumin (BSA) and 0.3 % Triton X- 
100 at room temperature (3 h), followed by incubation in the same so
lution with one or a combination of the following primary antibodies: 
mouse anti-GFAP (1:1000; Merck, Italy, G3893) either alone (for CPu) or 
plus rat anti-DAT (1:1000, Millipore, USA, MAB369) (for SNc), rabbit 
anti-IBA1 (1:600, Wako, USA, 019–19741) plus Armenian hamster anti- 
IL-1β (1:50, Santa Cruz Biotechnology, USA, sc-12,742) or mouse anti- 
TNF-α (1:50, Santa Cruz Biotechnology, USA, sc-133192). Incubation 
with primary antibodies was performed at 4 ◦C for 1 night. Then, sec
tions were incubated at room temperature with the appropriate sec
ondary antibodies, as follows: 1) for GFAP, AlexaFluor®488-labeled 
donkey anti-mouse (1:500, Jackson ImmunoResearch, UK, 715–547- 
003) (1 h); 2) for DAT, biotinylated goat anti-rat (1:200, Vector lab, 
USA, BA-9401) (2 h) followed by AlexaFluor®594-labeled streptavidin 
(1:500, Jackson ImmunoResearch, UK, 016–580-084) (1 h); 3) for IBA1, 
AlexaFluor®594-labeled goat anti-rabbit (1200, Jackson ImmunoR
esearch, UK, 111–585-003) (2 h); 4) for IL-1β, AlexaFluor®488-labeled 
goat anti-hamster (1200, Invitrogen, USA, A21110) (2 h); 5) for TNF-α, 
AlexaFluor®488-labeled goat anti-mouse (1200, Jackson ImmunoR
esearch, UK, 115–545-008) (3 h). Afterward, sections were incubated for 
10 min in 4′,6-diamidino-2-phenylindole (DAPI; 1:10,000, Merck, Italy, 
D9542), to allow visualization of cell nuclei, rinsed in PB 0.1, and 

mounted onto super-frost glass slides using Mowiol® mounting medium. 
Omission of either the primary or secondary antibodies served as 
negative control and yielded no labeling (data not shown).

2.4.3. Image acquisition and analysis
Images of a single wavelength (14-bit depth) were obtained with the 

ZEISS Axio Scan Z1 slide scanner (Zeiss, Germany) as previously 
described (Serra et al., 2023). Brain sections immunostained for GFAP, 
DAT, and IBA1 were captured at 20× magnification (Objective: Plan- 
Apochromat 20×/0.8 M27) to acquire the two portions from the CPu 
(dorsolateral and dorsomedial) and the whole SNc, left and right 
hemispheres. The ImageJ software (National Institutes of Health, USA) 
was used to quantify: (1) the total number of GFAP-positive cells in the 
CPu and SNc, (2) the total number of IBA1-positive cells in the CPu and 
SNc. To quantify GFAP-positive cells in the CPu and SNc and IBA1- 
positive cells in the CPu, images were first converted to 8-bit, back
ground adjusted, then cells were manually counted in fixed regions by 
using the multi-point tool. For the GFAP-positive cells in the SNc, the 
region of interest (ROI) was first identified by checking the presence of 
dopaminergic neurons immunoreactive for DAT. To quantify IBA1- 
positive cells in the SNc, the images were converted to 8-bit and back
ground adjusted. Thereafter, the cells were counted by using the multi- 
point tool across the whole SNc. Analyses were performed in a blinded 
manner in the three sections. No significant differences in the number of 
GFAP- and IBA1-positive cells were found among the three sections and 
two ROIs within the CPu (dorsolateral and dorsomedial). Thus, values 
from different levels and ROIs were averaged, normalized with respect 
to the SAL/VEH group, and expressed as a percentage.

2.4.4. Morphometric analysis of GFAP-positive cells in the caudate- 
putamen (CPu) and substantia nigra pars compacta (SNc)

For the morphometric analysis of GFAP-positive cells in the CPu and 
SNc, confocal images of a single wavelength (16-bit depth) from the 
dorsolateral and dorsomedial CPu, and the whole SNc, left and right 
hemispheres, were digitalized and captured by using a motorized (Mad 
City Labs MCL MOTZN) inverted epifluorescence microscope (Zeiss Axio 
Observer A1; objective: Plan-Apochromat 63×/1,40, OIL M27) equip
ped with the CREST CARVII spinning disk system and connected to the 
Prime BSI sCMOS digital camera (4.2 Megapixels; Teledyne photomet
rics, US). Tridimensional (3D) reconstruction of the astrocytic backbone 

Fig. 1. Illustration of the experimental design. CPu: caudate-Putamen nucleus; EN: empty nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: 
Nasco nutriosomes; SAL: saline; SNc: substantia nigra pars compacta; VEH: distilled water; TNF-α: tumor necrosis factor-α. Numbers indicate the dose of each 
compound, expressed in mg/kg.
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was conducted semi-automatically utilizing the Simple Neurite Tracer 
(SNT) plug-in on the open-source software ImageJ, as previously 
described (Bondi et al., 2021; Tavares et al., 2017). This analysis pro
vides multiple characteristics of the astrocytic structure, such as total 
process length, number of processes, and the total number of process 
intersections given by the maximum intersection radius (Sholl analysis). 
In detail, 3D reconstruction was carried out on z-stack confocal images 
(z-stack = 25 μm; z-stack interval: 0.5 μm) and involved exclusively 
GFAP-immunoreactive astrocytes (n = 15–16 astrocytes per animal) 
having fully preserved processes along the x-y-z axis and a clear DAPI- 
stained nucleus. DAPI-positive nuclei were used to define the astrocyte 
centre, around which every primary process originates. Next, a distant 
point within the primary process was selected, and SNT automatically 
determined the process midline and tortuosity. After confirming the 
automatically detected path, this step was repeated until the primary 
process, respective branches, and branchlets were reconstructed 
entirely. For the systematic categorization of astrocytic processes into 
secondary, tertiary, and quaternary levels, we employed a structured 
approach. Processes branching directly off the primary process were 
classified as secondary. Tertiary processes were those emanating from 
the secondary branches, while quaternary processes arose from the 
tertiary branches. This hierarchical segmentation was pivotal for our in- 
depth morphometric analysis. Thereafter, we performed the morpho
metric analysis on 3D reconstructed astrocytes by using the Sholl anal
ysis plugin (Ferreira et al., 2014), using the following settings (enclosing 
radius cutoff = 1 intersection, Sholl method = linear) with radii 
increasing by 5 μm. The Sholl intersection profile counts the number of 
intersections between the astrocytic process and concentric spheres 
emanating from the centre of cell soma. Reconstructed astrocytes in 
Fig. 4 were selected to represent the total process length, number of 
processes, and number of intersections closest to the group mean.

2.4.5. Colocalization analysis between IBA1 and either IL-1β or TNF-α in 
the caudate-putamen (CPu) and substantia nigra pars compacta (SNc)

For colocalization analysis between IL-1β/IBA1 and TNF-α/IBA1, 
confocal images of a single wavelength (16-bit depth) from the dorso
lateral and dorsomedial CPu and the whole SNc, left and right hemi
spheres, were acquired at 63× (for IL-1β/IBA1) and 100× (for TNF- 
α/IBA1) as described previously (see Section 2.4.4).

The colocalization analysis was conducted using the ImageJ plug-in 
JACoP (Just Another Colocalization Plugin) (Bolte and Cordelières, 
2006). Approximately 25–30 IBA1-positive cells were randomly selected 
within the CPu and SNc of each mouse for the colocalization analysis. 
Specifically, two regions of interest (ROIs) were identified for both the 
CPu (dorsolateral and dorsomedial) and the SNc (dorsolateral and 
ventromedial). Thereafter, we measured the correlation of signal in
tensity between IBA1 and IL-1β or TNF-α immunostaining through 
Mander's correlation coefficient (R). This coefficient serves as a semi- 
quantitative measure to estimate the extent of overlap between two 
distinct fluorescence signals (Dunn et al., 2011). Analyses were per
formed in a blinded manner in the three sections. No significant differ
ences in the correlation coefficient were found among the three sections 
and two ROIs within the given area. Thus, values from different levels 
and ROIs were averaged, normalized with respect to the SAL/VEH 
group, and expressed as a percentage.

2.5. Data analysis and statistics

Statistical analysis was carried out with GraphPad Prism 8 software 
(GraphPad Software, Inc., La Jolla, CA), and, for each time point (1 day 
and 3 days), data were analyzed by two-way analysis of variance 
(ANOVA; pre-treatment × pre-treatment) followed by Tukey's post hoc 
test. Results are expressed as mean ± SEM and were considered statis
tically significant if p < 0.05.

3. Results

3.1. Immunoreactivity of GFAP in the caudate-putamen (CPu) following 
subacute MPTP and Nasco nutriosome treatment

Subacute MPTP treatment significantly increased the number of 
GFAP-positive cells in the dorsal CPu of the mice sacrificed either 1 day 
(⁓1330 %) or 3 days (⁓1350 %) following the last MPTP administra
tion (Fig. 2A-C). Administration of NN (100 mg/kg) attenuated the 
MPTP-induced increase in GFAP-positive cell numbers, irrespective of 
the time of sacrifice (Fig. 2A, B).

Two-way ANOVA revealed significant effects of NN treatment (1 day: 
F1,31 = 12, p = 0.0016; 3 days: F1,30 = 15.75, p = 0.0004), MPTP 
treatment (1 day: F1,31 = 1825, p < 0.0001; 3 days: F1,30 = 1055, p <
0.0001), and NN treatment × MPTP treatment interaction (1 day: F1,31 
= 12.01, p = 0.0016; 3 days: F1,30 = 15.75, p = 0.0004). Tukey's post 
hoc test indicated a significant increase in the number of GFAP-positive 
cells in mice receiving MPTP in combination with either EN or NN 
compared with both SAL/VEH- and NN/VEH-treated mice. This effect 
was evident at both the 1-day (p < 0.0001) and 3-day (p < 0.0001) time 
points (Fig. 2A, B). Irrespective of the sacrifice time, NN/MPTP treat
ment significantly reduced the total number of GFAP-positive cells 
compared with EN/MPTP (p < 0.01) (Fig. 2A, B). The results obtained 
are summarized in Table 1.

3.2. Immunoreactivity of GFAP in the substantia nigra pars compacta 
(SNc) following subacute MPTP and Nasco nutriosome treatment

Subacute MPTP treatment increased the number of GFAP-positive 
cells in the SNc of the mice sacrificed either 1 day (⁓40 %) or 3 days 
(⁓70 %) from the last MPTP administration (Fig. 3A-C). Administration 
of NN (100 mg/kg) significantly mitigated the MPTP-induced increase 
in GFAP-positive cell numbers in mice sacrificed 3 days, but not 1 day, 
after MPTP treatment (Fig. 3A-C).

At 1 day after MPTP treatment, two-way ANOVA revealed a signif
icant effect of MPTP treatment (F1,31 = 30.26, p < 0.0001). Tukey's post 
hoc test indicated a significant increase in the number of GFAP-positive 
cells in mice receiving EN/MPTP compared with both SAL/VEH- (p <
0.001) and NN/VEH-treated mice (p < 0.05), and NN/MPTP compared 
with SAL/VEH (p < 0.001) (Fig. 3A-C).

At 3 days after MPTP treatment, two-way ANOVA revealed signifi
cant effects of NN treatment (F1,30 = 4.970, p = 0.0334), MPTP treat
ment (F1,30 = 52.39, p < 0.0001), and NN treatment × MPTP treatment 
interaction (F1,30 = 17.90, p = 0.0002). Tukey's post hoc test indicated a 
significant increase in the number of GFAP-positive cells in mice 
receiving EN/MPTP compared with both SAL/VEH- (p < 0.0001) and 
NN/VEH-treated mice (p < 0.0001), and NN/MPTP compared with 
SAL/VEH (p < 0.01) (Fig. 3A-C). Remarkably, at this time point, NN/ 
MPTP treatment significantly reduced the number of GFAP-positive cells 
compared with EN/MPTP (p < 0.0001) (Fig. 3A-C). The results obtained 
are summarized in Table 1.

3.3. Morphometric analysis of GFAP-positive astrocytes in the caudate- 
putamen (CPu) and substantia nigra pars compacta (SNc) following 
subacute MPTP and Nasco nutriosomes treatment

Subacute MPTP treatment significantly altered the morphological 
characteristics (e.g. number of processes, total length, and number of 
intersections) of GFAP-positive cells in the dorsal CPu and SNc of mice 
sacrificed after either 1 day or 3 days following the last MPTP admin
istration (Fig. 4A-H). Conversely, NN treatment did not elicit any effects 
on astrocyte morphology.

In the CPu, two-way ANOVA revealed a significant effect of MPTP 
treatment on the number of processes (1 day: F1,19 = 92.26, p < 0.0001; 
3 days: F1, 19 = 144.9, p < 0.0001), total length (1 day: F1,19 = 61.09, p 
< 0.001; 3 days: F1,19 = 218.0, p < 0.0001), and number of intersections 
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Fig. 2. Effect of NN (100 mg/kg) on the immunoreactivity of glial fibrillary acidic protein (GFAP) in the caudate-putamen (CPu) of MPTP-treated mice. (A) 
Representative images of dorsomedial CPu immunostained for GFAP. (B) Total number of GFAP-positive cells in the CPu of mice sacrificed either 1 day or 3 days 
following the last MPTP administration. (C) Areas of CPu (blue squares) used for quantitative analysis. Values are expressed as a percentage of the SAL/VEH group. 
Red dots within boxes represent individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to top and bottom 90 %. ****p < 0.0001 vs. SAL/ 
VEH; ££££p < 0.0001 vs. NN/VEH; $$p < 0.01 vs. EN/MPTP 1D; &&&&p < 0.0001 vs. EN/MPTP 3D. Scale bar = 50 μm. D: day(s); EN: empty nutriosomes; MPTP: 1- 
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled water). SAL/VEH: n = 11; NN/VEH: n = 5; EN/MPTP: 1D n 
= 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 3. Effect of NN (100 mg/kg) on the immunoreactivity of glial fibrillary acidic protein (GFAP) in the substantia nigra pars compacta (SNc) of MPTP-treated mice. 
(A-B) Representative sections of the SNc immunostained for GFAP and dopamine transporter (DAT), and the areas of the SNc used for the quantitative analysis. (C) 
Total number of GFAP-positive cells in the SNc of mice sacrificed either 1 day or 3 days following the last MPTP administration. Values are expressed as a percentage 
of the SAL/VEH group. Red dots within boxes represent individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to top and bottom 90 %. **p 
< 0.01, ***p < 0.001, ****p < 0.0001 vs. SAL/VEH; £p < 0.05, ££££p < 0.0001 vs. NN/VEH; &&&&p < 0.0001 vs. EN/MPTP 3D. Scale bar = 500 μm (20×), 10 μm 
(zoom). D: day(s); EN: empty nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled water). 
SAL/VEH: n = 11; NN/VEH: n = 5; EN/MPTP: 1D n = 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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(1 day: F1,19 = 121.0, p < 0.0001; 3 days: F1,19 = 128.9, p < 0.0001) at 
both time points. Tukey's post hoc test indicated a significant increase in 
the number of processes, total length, and number of intersections of 3D- 
reconstructed GFAP-positive cells of mice receiving MPTP in combina
tion with either EN or NN compared with both SAL/VEH- and NN/VEH- 
treated mice. This effect was evident at both the 1-day (p < 0.001) and 3- 
day (p < 0.0001) time points (Fig. 4A, C-E).

In the SNc, two-way ANOVA revealed a significant effect of MPTP 
treatment on the number of processes (1 day: F1,19 = 94.79, p < 0.0001; 
3 days: F1,19 = 127.0, p < 0.0001), total length (1 day: F1,19 = 50.48, p <
0.001; 3 days: F1,19 = 154.2, p < 0.0001), and number of intersections 
(1 day: F1,19 = 188.0, p < 0.0001; 3 days: F1,19 = 247.5, p < 0.0001) at 
both time points. Tukey's post hoc test indicated a significant increase in 
the number of processes, total length, and number of intersections of 3D- 
reconstructed GFAP-positive cells of mice receiving MPTP in combina
tion with either EN or NN compared with both SAL/VEH- and NN/VEH- 
treated mice. This effect was evident at both the 1-day (p < 0.01) and 3- 
day (p < 0.0001) time points (Fig. 4B, F-H).

3.4. Immunoreactivity of IBA1 in the caudate-putamen (CPu) following 
subacute MPTP and Nasco nutriosomes treatment

Subacute MPTP treatment significantly increased the number of 
IBA1-positive cells in the dorsal CPu of mice sacrificed after either 1 day 
(number: ⁓31 %) or 3 days (number: ⁓23 %) following the last MPTP 
administration (Fig. 5A-C). Administration of NN (100 mg/kg) signifi
cantly contrasted the MPTP-induced elevation in IBA1 immunoreac
tivity in mice sacrificed 3 days, but not 1 day, after MPTP treatment 
(Fig. 5A, B).

At 1 day after MPTP treatment, two-way ANOVA revealed a signif
icant effect of MPTP treatment on the number of IBA1-positive cells 
(F1,31 = 40.44, p < 0.0001). Tukey's post hoc test indicated a significant 
increase in the number of IBA1-positive cells in mice receiving MPTP in 
combination with either EN or NN compared with both SAL/VEH- (p <
0.01) and NN/VEH-treated mice (p < 0.01) (Fig. 5A, B).

At 3 days after MPTP treatment, two-way ANOVA revealed signifi
cant effects of NN treatment (F1,30 = 11.18, p = 0.0022), MPTP treat
ment (F1,30 = 16.64, p = 0.0003), and NN treatment × MPTP treatment 

Fig. 4. Effect of NN (100 mg/kg) on the morphological characteristics of glial fibrillary acidic protein (GFAP)-positive cells in the caudate-putamen (CPu) and 
substantia nigra pars compacta (SNc) of MPTP-treated mice. (A-B) Representative confocal images and related 3D reconstruction of isolated GFAP-positive cells in the 
(A) dorsomedial CPu and (B) SNc. (C) The number of processes (NP), (D) the total length (TL), and (E) the number of intersections (NI) of isolated GFAP-positive cells 
(n = 18–20 cells/mouse) in the CPu of mice sacrificed either 1 day or 3 days following the last MPTP administration. (F) The number of processes, (G) the total 
length, and (H) the number of intersections of isolated GFAP-positive cells (n = 18–20 cells/mouse) in the SNc of mice sacrificed either 1 day or 3 days following the 
last MPTP administration. Red dots within boxes indicate the values of individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to top and 
bottom 90 %. ***p < 0.001, ****p < 0.0001 vs. SAL/VEH; ££p < 0.01, £££p < 0.001, ££££p < 0.0001 vs. NN/VEH; Two-way ANOVA followed by Tukey's post hoc test. 
Scale bar = 10 μm. D: day(s); EN: empty nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle 
(distilled water). SAL/VEH: n = 6; NN/VEH: n = 5; EN/MPTP: 1D n = 6; NN/MPTP 1D: n = 6; EN/MPTP 3D: n = 6; NN/MPTP 3D: n = 6. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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interaction (F1,30 = 5.423, p = 0.0268) on the total number of IBA1- 
positive cells. Tukey's post hoc test indicated a significant increase in 
the number of IBA1-positive cells in mice receiving EN/MPTP compared 
with both SAL/VEH- (p < 0.0001) and NN/VEH-treated mice (p <
0.001) (Fig. 5A,B). Of note, at this time point, NN/MPTP treatment 
significantly reduced the number of IBA1-positive cells compared with 
EN/MPTP (p < 0.001) (Fig. 5A, B). The results obtained are summarized 
in Table 1.

3.5. Immunoreactivity of IBA1 in the substantia nigra pars compacta 
(SNc) following subacute MPTP and Nasco nutriosomes treatment

Subacute MPTP treatment significantly increased the number of 
IBA1-positive cells in the SNc of the mice sacrificed after either 1 day 
(number: ⁓70 %) or 3 days (number: ⁓39 %) following the last MPTP 
administration (Fig. 6A-C). Administration of NN (100 mg/kg) markedly 
contrasted the MPTP-induced elevation in IBA1 immunoreactivity, 
irrespective of the time of sacrifice (Fig. 6A-C).

Two-way ANOVA revealed significant effects of NN treatment (1 day: 
F1,31 = 8.599, p = 0.0063; 3 days: F1,30 = 6.694, p = 0.0148), MPTP 
treatment (1 day: F1,31 = 73.52, p < 0.0001; 3 days: F1,30 = 12.63, p =
0.0013), and NN treatment × MPTP treatment interaction (1 day: F1,31 
= 7.209, p = 0.0115; 3 days: F1,30 = 5.524, p = 0.0255) on the total 
number of IBA1-positive cells.

At 1 day after MPTP treatment, Tukey's post hoc test indicated a 
significant increase in the number of IBA1-positive cells in mice 
receiving MPTP in combination with either EN or NN compared with 
both SAL/VEH- (p < 0.0001) and NN/VEH-treated mice (p < 0.001) 
(Fig. 6A-C).

At 3 days after MPTP treatment, Tukey's post hoc test indicated a 

significant increase in the number of IBA1-positive cells in mice 
receiving EN/MPTP compared with both SAL/VEH- (p < 0.0001) and 
NN/VEH-treated mice (p < 0.001) (Fig. 6A-C). Of note, at both time 
points, NN/MPTP treatment significantly reduced the number of IBA1- 
positive cells compared with EN/MPTP (p < 0.01) (Fig. 6A-C). The re
sults obtained are summarized in Table 1.

3.6. Co-localization analysis of IBA1 and IL-1β in the caudate-putamen 
(CPu) following subacute MPTP and Nasco nutriosomes treatment

Subacute MPTP treatment significantly increased IL-1β/IBA1 coloc
alization in the dorsal CPu of mice sacrificed after either 1 day (⁓30 %) 
or 3 days (⁓28 %) following the last MPTP administration (Fig. 7A-C). 
At both time points, administration of NN (100 mg/kg) markedly 
attenuated the MPTP-induced elevation in IL-1β/IBA1 colocalization 
(Fig. 7A, B).

Two-way ANOVA revealed significant effects of NN treatment (1 day: 
F1,31 = 10.89, p = 0.0024; 3 days: F1,30 = 13.99, p = 0.0008) and MPTP 
treatment (1 day: F1,31 = 11.13, p = 0.0022; 3 days: F1,30 = 31.01, p <
0.0001) on IL-1β/IBA1 colocalization. Tukey's post hoc test indicated a 
significant increase in the IL-1β/IBA1 Manders' correlation coefficient in 
mice receiving EN/MPTP compared with both SAL/VEH- and NN/VEH- 
treated mice. This effect was evident at both the 1-day (p < 0.05) and 3- 
day (p < 0.001) time points (Fig. 7A, B). Of note, irrespective of the 
sacrifice time, NN/MPTP treatment significantly reduced the Mander's 
correlation value compared with EN/MPTP (p < 0.05) (Fig. 7A, B). The 
results obtained are summarized in Table 1.

Fig. 5. Effect of NN (100 mg/kg) on the immunoreactivity of ionized calcium-binding adaptor molecule 1 (IBA1) in the caudate-putamen (CPu) of MPTP-treated 
mice. (A) Representative sections of the dorsomedial CPu immunostained for IBA1. (B) Total number of IBA1-positive cells in the CPu of mice sacrificed either 
1 day or 3 days following the last MPTP administration. (C) Areas of the CPu (blue squares) used for the quantitative analysis. Values are expressed as a percentage of 
the SAL/VEH group. Red dots within boxes indicate the values of individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to top and bottom 
90 %. **p < 0.01, ****p < 0.0001 vs. SAL/VEH; ££p < 0.01, £££p < 0.001 vs. NN/VEH; &&&p < 0.001 vs. EN/MPTP 3D. Scale bar = 50 μm. D: day(s); EN: empty 
nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled water). SAL/VEH: n = 11; NN/VEH: 
n = 5; EN/MPTP: 1D n = 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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3.7. Colocalization analysis of IBA1 and IL-1β in the substantia nigra 
pars compacta (SNc) following subacute MPTP and Nasco nutriosomes 
treatment

Subacute MPTP treatment significantly increased IL-1β/IBA1 coloc
alization in the SNc of mice sacrificed after either 1 day (⁓31 %) or 3 
days (⁓23 %) following the last MPTP administration (Fig. 8A-C). 
Administration of NN (100 mg/kg) exhibited a time-dependent reduc
tion of the MPTP-induced elevation in IL-1β/IBA1 colocalization 
(Fig. 8A, B).

At 1 day after MPTP treatment, two-way ANOVA revealed significant 
effects of MPTP treatment (F1,31 = 40.76, p < 0.0001) on IL-1β/IBA1 
colocalization. Tukey's post hoc test indicated a significant increase in 
the IL-1β/IBA1 Manders' correlation coefficient in mice receiving MPTP 
in combination with either EN or NN compared with both SAL/VEH- (p 
< 0.001) and NN/VEH-treated mice (p < 0.01) (Fig. 8A, B).

At 3 days after MPTP treatment, two-way ANOVA revealed signifi
cant effects of NN treatment (F1,30 = 5.897, p = 0.0214), MPTP treat
ment (F1,30 = 10.89, p = 0.0025), and NN treatment × MPTP treatment 
interaction (F1,30 = 6.128, p = 0.0192) on IL-1β/IBA1 colocalization. 

Tukey's post hoc test indicated a significant increase in the IL-1β/IBA1 
Manders' correlation coefficient in mice receiving EN/MPTP compared 
with both SAL/VEH- (p < 0.001) and NN/VEH-treated mice (p < 0.01) 
(Fig. 8A, B). Of note, at this time point, NN/MPTP treatment signifi
cantly reduced IL-1β/IBA1 colocalization compared with EN/MPTP (p 
< 0.01) (Fig. 8A, B). The results obtained are summarized in Table 1.

3.8. Co-localization analysis of IBA1 and TNF-α in the caudate-putamen 
(CPu) and substantia nigra pars compacta (SNc) following subacute 
MPTP and Nasco nutriosomes treatment

Subacute MPTP treatment significantly increased TNF-α/IBA1 
colocalization in the dorsal CPu of mice sacrificed after either 1 day 
(⁓26 %) or 3 days (⁓24 %) following the last MPTP administration 
(Fig. 9A-C). At both time points, administration of NN (100 mg/kg) 
markedly attenuated the MPTP-induced elevation in TNF-α/IBA1 
colocalization (Fig. 9A, B). In contrast, MPTP treatment did not induce 
detectable levels of TNF-α in the SNc, suggesting a region-specific 
cytokine response to neurotoxic insult (Supplementary Fig. 1).

At 1 day after MPTP treatment, two-way ANOVA revealed significant 

Fig. 6. Effect of NN (100 mg/kg) on the immunoreactivity of ionized calcium-binding adaptor molecule 1 (IBA1) in the substantia nigra pars compacta (SNc) of 
MPTP-treated mice. (A-B) Representative sections of the SNc immunostained for IBA1. (C) Total number of IBA1-positive cells in the SNc of mice sacrificed either 1 
day or 3 days following the last MPTP administration. Values are expressed as a percentage of the SAL/VEH group. Red dots within boxes indicate the values of 
individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to top and bottom 90 %. ****p < 0.0001 vs. SAL/VEH; £££p < 0.001, ££££p < 0.0001 
vs. NN/VEH; $$$p < 0.001 vs. EN/MPTP 1D; &&p < 0.01 vs. EN/MPTP 3D. Scale bar = 500 μm (20×), 10 μm (zoom). D, days; EN: empty nutriosomes; MPTP: 1- 
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled water). SAL/VEH: n = 11; NN/VEH: n = 5; EN/MPTP: 1D n 
= 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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effects of NN treatment (F1,31 = 4.666, p = 0.0386) and MPTP treatment 
(F1,31 = 6.650, p = 0.0149) on TNF-α/IBA1 colocalization. Tukey's post 
hoc test indicated a significant increase in the TNF-α/IBA1 Manders' 
correlation coefficient in mice receiving EN/MPTP compared with both 
SAL/VEH- (p < 0.05) and NN/VEH-treated mice (p < 0.05) (Fig. 9A, B). 
Of note, at this time point, NN/MPTP treatment significantly reduced 
TNF-α/IBA1 colocalization compared with EN/MPTP (p < 0.05) 
(Fig. 9A, B).

At 3 days after MPTP treatment, two-way ANOVA revealed signifi
cant effects of MPTP treatment (F1,30 = 7.151, p = 0.0120) on TNF- 
α/IBA1 colocalization. Tukey's post hoc test indicated a significant in
crease in the TNF-α/IBA1 Manders' correlation coefficient in mice 
receiving EN/MPTP compared with both SAL/VEH- (p < 0.05) and NN/ 
VEH-treated mice (p < 0.05) (Fig. 9A, B). Although not reaching sta
tistical significance, NN/MPTP treatment exhibited a clear trend toward 
a reduction in TNF-α/IBA1 colocalization compared to EN/MPTP 
treatment (p = 0.174) (Fig. 9A, B). The results obtained are summarized 
in Table 1.

4. Discussion

Plant-based extracts have gained attention in the field of neurode
generative disease research, including PD, due to their multifaceted 
actions and potential neuroprotective properties. Recently, our group 
reported that the intragastric delivery of Nasco pomace extract via 
nutriosomes (NN) significantly protects nigrostriatal dopaminergic 
neurons against MPTP neurotoxicity in mice (Parekh et al., 2022). This 
follow-up study provides new insights in this regard, by demonstrating 
that the intragastric administration of NN (100 mg/kg) in mice signifi
cantly contrasts MPTP-induced neuroinflammatory events that may 
impact on nigrostriatal dopaminergic neurons. Of note, NN's anti- 
inflammatory effects were found to vary depending on the brain re
gion considered (CPu vs. SNc) and treatment regimen.

Mounting evidence indicates that neuroinflammation plays a sig
nificant role in the pathophysiology of PD, contributing to the pro
gressive degeneration of dopaminergic neurons in the SNc (Arena et al., 
2022). Increased reactivity of astrocytes and microglial cells and 
elevated levels of pro-inflammatory cytokines have been consistently 

Fig. 7. Effect of NN (100 mg/kg) on interleukin-1β (IL-1β)-ionized calcium-binding adaptor molecule 1 (IBA1) colocalization in the caudate-putamen (CPu) of MPTP- 
treated mice. (A) Representative confocal images of the dorsomedial CPu immunostained for IL-1β and IBA1. (B) Mander's correlation coefficient in the CPu of mice 
sacrificed either 1 day or 3 days following the last MPTP administration. (C) Areas of the CPu (blue squares) used for the quantitative analysis. Values are expressed as 
a percentage of the SAL/VEH group. Red dots within boxes indicate the values of individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to 
top and bottom 90 %. *p < 0.05, ***p < 0.001 vs. SAL/VEH; £p < 0.05, ££p < 0.01, ££££p < 0.0001 vs. NN/VEH; $p < 0.05 vs. EN/MPTP 1D; &p < 0.05 vs. EN/MPTP 
3D. Scale bar = 50 μm (63×), 10 μm (zoom). D: day(s) EN: empty nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: 
saline; VEH: vehicle (distilled water). SAL/VEH: n = 11; NN/VEH: n = 5; EN/MPTP: 1D n = 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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documented in both patients with PD and experimental models of PD 
(Akiyama and McGeer, 1989; Depino et al., 2003; Rodrigues et al., 
2001), including the subacute MPTP mouse model (Costa et al., 2013; 
Frau et al., 2011) which was chosen for its capacity to induce moderate 
yet significant neuroinflammation and dopaminergic neuro
degeneration, notwithstanding the absence of overt motor deficits 
(Pupyshev et al., 2019; Santoro et al., 2023). These pathological features 
closely resemble the presymptomatic stages of PD, rendering them 
suitable for evaluating the efficacy of pharmacological interventions at 
preclinical level. Acknowledging the dynamic and transient responses of 
glial cells to MPTP (Huang et al., 2017), in the present study we eval
uated the anti-inflammatory effects of NN at two critical time points, 
namely, 1 day and 3 days following the last MPTP administration. This 
approach allowed us to better capture the complex progression of glial 
activation and identify the time window within which the anti- 
inflammatory effects of NN may occur.

Regarding astrocytes, we found marked astrogliosis in both the CPu 
and SNc of mice subjected to subacute MPTP treatment, in line with 
previous reports from our and other groups (Costa et al., 2013; Frau 
et al., 2011; Himeda et al., 2006; Zhou et al., 2021). In the CPu, the 
MPTP-induced astrogliosis was elevated and remained constant at both 

examined time points, whereas, in the SNc, it displayed a time- 
dependent pattern, with the highest activation detectable 3 days 
following the last MPTP administration. Interestingly, repeated com
bined treatment of NN (100 mg/kg) with MPTP markedly attenuated 
astrogliosis in the CPu at both 1 day and 3 days following the last MPTP 
administration. Conversely, in the SNc, NN administration elicited sig
nificant effects on reactive astrocytes exclusively in mice sacrificed after 
3 days. The varying effectiveness of NN in mitigating MPTP-induced 
astrogliosis in the CPu and SNc of treated mice is particularly 
intriguing as it may denote differential responses and vulnerability to 
neuroinflammatory events across these two brain regions, as previously 
suggested (Cardoso et al., 2012; Hung and Lee, 1998; Walker et al., 
2016). In this regard, it is important to acknowledge the heterogeneous 
nature of astrocytes, which can exhibit significant phenotypic variations 
depending on the brain region and microenvironment under consider
ation (Kostuk et al., 2019; Torres-Ceja and Olsen, 2022). Our findings 
showing that astrocytes located in the CPu displayed a heightened 
activation following MPTP compared with those located in the SNc, may 
underline a phenomenon that likely impacts the antioxidative effects 
elicited by NN. Consistent with this assumption, NN treatment signifi
cantly mitigated astrogliosis in the SNc only 3 days after MPTP 

Fig. 8. Effect of NN (100 mg/kg) on interleukin-1β (IL-1β)-ionized calcium-binding adaptor molecule 1 (IBA1) colocalization in the substantia nigra pars compacta 
(SNc) of MPTP-treated mice. (A) Representative confocal images of the SNc immunostained for IL-1β and IBA1. (B) Mander's correlation coefficient in the SNc of mice 
sacrificed either 1 day or 3 days following the last MPTP administration. (C) Areas of the SNc (black squares) used for the quantitative analysis. Values are expressed 
as a percentage of the SAL/VEH group. Red dots within boxes indicate the values of individual mice. Box plots indicate the top and bottom quartiles; whiskers refer to 
top and bottom 90 %. ***p < 0.001, ****p < 0.0001 vs. SAL/VEH; ££p < 0.01, £££p < 0.001 vs. NN/VEH; &&p < 0.01 vs. EN/MPTP 3D. Scale bar = 50 μm (63×), 10 
μm (zoom). D: day(s); EN: empty nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled 
water). SAL/VEH: n = 11; NN/VEH: n = 5; EN/MPTP: 1D n = 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of NN (100 mg/kg) on tumor necrosis factor alpha (TNF-α)-ionized calcium-binding adaptor molecule 1 (IBA1) colocalization in the caudate-putamen 
(CPu) of MPTP-treated mice. (A) Representative confocal images of the CPu immunostained for TNF-α and IBA1. (B) Mander's correlation coefficient in the CPu of 
mice sacrificed either 1 day or 3 days following the last MPTP administration. (C) Areas of the CPu (blue squares) used for the quantitative analysis. Values are 
expressed as a percentage of the SAL/VEH group. Red dots within boxes indicate the values of individual mice. Box plots indicate the top and bottom quartiles; 
whiskers refer to top and bottom 90 %. *p < 0.05 vs. SAL/VEH; £p < 0.05 vs. NN/VEH; $p < 0.05 vs. EN/MPTP 1D. Scale bar = 10 μm. D: day(s); EN: empty 
nutriosomes; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NN: Nasco nutriosomes; SAL: saline; VEH: vehicle (distilled water). SAL/VEH: n = 11; NN/VEH: 
n = 5; EN/MPTP: 1D n = 8; NN/MPTP 1D: n = 11; EN/MPTP 3D: n = 8; NN/MPTP 3D: n = 10. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Table 1 
Summary of the effects of NN (100 mg/kg) on the immunoreactivity of glial fibrillary acidic protein (GFAP), ionized calcium-binding adaptor molecule 1 (IBA1), IBA1- 
interleukin 1β (IL-1β) in the caudate-putamen (CPu) and substantia nigra pars compacta (SNc), and IBA1-Tumor necrosis factor-α (TNF-α) in the CPu of MPTP-treated 
mice. Legend: N.D., Not Detected.

Day GFAP IBA1 IL-1β/IBA1 TNF-α/IBA1

EN/ 
MPTP

NN/ 
MPTP

EN/ 
MPTP

NN/ 
MPTP

EN/ 
MPTP

NN/ 
MPTP

EN/ 
MPTP

NN/ 
MPTP

CPu 1 ↑ ↓ ↑↑ ↑ ↑ ↓ ↑ ↓
3 ↑ ↓↓ ↑ ↓↓ ↑ ↓ ↑ =

SNc 1 ↑ ↑ ↑↑ ↓ ↑↑ ↑ N.D. N.D.
3 ↑↑ ↓↓ ↑ ↓↓ ↑ ↓↓ N.D. N.D.
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treatment, when astrogliosis reached its peak.
In addition to assessing the total number of astrocytes in response to 

treatments, in the present study, we also extended our analysis to 
morphological aspects of astroglia. Indeed, while in homeostatic con
ditions, astrocytes assume intricate morphological configurations to 
establish contact and interact with other cells and cellular components 
(Baldwin et al., 2023); in pathological conditions, they display a reactive 
phenotype characterized by cellular rearrangement and the manifesta
tion of distinctive morphological alterations. Therefore, we have eval
uated whether NN treatment could also impact the morphological 
alterations affecting astrocytes following MPTP. In this scope, we con
ducted a morphological analysis aimed at measuring the number of 
processes, the total length, and the number of intersections of 3D 
reconstructed GFAP-positive cells in the CPu and SNc of treated mice. In 
both brain areas, we found that 3D reconstructed astrocytes exhibited a 
significantly increased number of processes, total length, and number of 
intersections when compared with astrocytes of control mice. These 
morphological changes were evident starting from 1 day after MPTP 
treatment and persisted after 3 days. Of note, irrespective of the time 
points considered, we found that NN treatment was unable to modify or 
rescue any of the morphological parameters observed either in control 
conditions or following the administration of MPTP, respectively. 
Therefore, from the present data, we may conclude that NN treatment 
exerts an impact on astrocytic numerosity rather than morphology and 
possibly on functional alterations. Nevertheless, it is important to 
acknowledge that GFAP staining offers information restricted to the 
cytoskeletal structure of astrocytes, with approximately 85 % of the 
overall astrocytic surface remaining largely unlabeled (Bushong et al., 
2002).

Concerning the other most important component of neuro
inflammation, the microglial cells, MPTP treatment led to a significant 
increase in the total number of IBA1-positive cells in both the CPu and 
SNc of treated mice, at the two examined time points. These findings are 
consistent with immunohistochemical data obtained from the CPu and 
SNc of mice subjected to similar regimens of subacute MPTP treatment 
and interval of sacrifice from the last MPTP administration (Kim et al., 
2013; Ramos-Molina et al., 2023; Yu et al., 2015). Specifically, we found 
about 31 % and 71 % increase in the number of IBA1-positive cells in the 
CPu and SNc, respectively, 1 day after MPTP administration. This in
crease was found to be about 23 % (CPu) and 39 % (SNc) at the 3-day 
time point. These findings are in line with prior data indicating rapid 
and transient microgliosis following brain injury (Liberatore et al., 1999; 
Wang et al., 2012). Importantly, in the SNc, NN treatment markedly 
counteracted the increase in the number of IBA1-positive cells induced 
by MPTP, regardless of the specific time points considered. In contrast, 
in the CPu, the anti-inflammatory effects induced by NN were significant 
in mice sacrificed 3 days after the last administration of MPTP, while a 
trend toward reduction was observed 1 day after MPTP treatment. 
Taking into account previous evidence supporting the causative role of 
microgliosis in dopaminergic neuron degeneration (Joers et al., 2017; 
Stefanova, 2022) and the neuroprotective effects of NN treatment pre
viously observed by our group in mice subjected to subacute MPTP 
treatment (Parekh et al., 2022), the current findings suggest that the 
neuroprotective actions of NN may, to some extent, be ascribed to the 
anti-inflammatory effects exerted by the NN treatment on reactive 
microglial cells in the SNc and CPu. In support of this assumption, 
previous studies conducted in in vitro and in vivo models of neurode
generative and neuroinflammatory diseases, including PD, have 
demonstrated that the administration of individual polyphenols, known 
to be present in Nasco pomace extract (e.g., gallic acid, catechin, epi
catechin, or quercetin) (Parekh et al., 2022), yields neuroprotective ef
fects by counteracting neuroinflammation (Bournival et al., 2012; Chen 
et al., 2022; Huang et al., 2005; Kita et al., 2014; Liu et al., 2020) and 
reducing microglial reactivity (Fan et al., 2019; Huang et al., 2024; Qu 
et al., 2022).

Lastly, in the present study, we explored the impact of NN treatment 

on the microglial production of the pro-inflammatory cytokines TNF-α 
and IL-1β. This choice was grounded in the cytokine's ability to initiate 
and amplify neuroinflammatory responses, thereby contributing to the 
severity of various neurodegenerative disorders (Leal et al., 2013; 
Mendiola and Cardona, 2018). Although astrocytes and neurons can also 
produce TNF-α and IL-1β under inflammatory conditions (Acarin et al., 
2000; Chung and Benveniste, 1990; Gahring et al., 1996), microglia are 
recognized as the primary responders and major sources of these cyto
kines in the CNS (Leal et al., 2013). In the context of PD, elevated levels 
of TNF-α and IL-1β have been reported in the CSF (Majbour et al., 2020; 
Mogi et al., 1996), CPu (Mogi et al., 1994), SN (Hunot et al., 1999), and 
serum (Xiromerisiou et al., 2022) of patients with PD.

Regarding TNF-α, elevated levels of this cytokine have been corre
lated with non-motor symptoms in PD patients (Menza et al., 2010). 
Moreover, genetically manipulated mice lacking either TNF-α or TNF 
receptors show protection against MPTP-induced dopaminergic neuro
toxicity, highlighting the critical role of TNF-α in dopaminergic neuro
degeneration (Ferger et al., 2004; Rousselet et al., 2002; Sriram et al., 
2002). Consequently, inhibition of TNF-α signaling, particularly in the 
early stages of PD, is regarded as a promising therapeutic approach for 
modifying the disease course (Amin et al., 2022).

In the CPu, we found a significant elevation in TNF-α/IBA1 coloc
alization in MPTP-treated mice compared with controls. This elevation 
was evident at both 1 and 3 days from the last MPTP administration. 
These results align with previous studies indicating an overall elevation 
in striatal TNF-α protein levels in mice exposed to different MPTP 
treatment regimens (Borrajo et al., 2014; Luchtman et al., 2009, 2012). 
Importantly, in this brain region, while NN treatment significantly 
reduced TNF-α/IBA1 colocalization at 1 day, a trend toward reduction 
was observed at 3 days following the last MPTP administration. 
Although further research is needed to fully elucidate the underlying 
mechanisms, these findings support the evidence that phytochemicals 
derived from natural sources may effectively mitigate neuro
inflammation by inhibiting the TNF-α signaling (Subedi et al., 2020; 
Zahedipour et al., 2022).

In contrast to the CPu, TNF-α immunoreactivity was undetectable in 
the SNc of mice, regardless of the treatment administered or the time of 
sacrifice. While this result may seem unexpected, it is consistent with 
previous studies showing that TNF-α expression in the ventral midbrain 
declines rapidly following acute MPTP treatment (Rabaneda-Lombarte 
et al., 2021). Moreover, TNF-α mRNA levels were below the detection 
limit in the unilateral 6-OHDA rat model of PD (Depino et al., 2003). In 
contrast, in the moderate-to-severe subchronic MPTP plus probenecid 
mouse model of PD, the demise of dopaminergic neurons in the SNc was 
found to parallel the increase in TNF-α/IBA1 colocalization (Pisanu 
et al., 2014). These findings suggest that the severity and persistence of 
neurotoxic insults are crucial factors influencing TNF-α production by 
microglial cells in the SNc. Besides, It is also noteworthy that aberrant 
TNF-α levels appear to predominantly affect dopaminergic function in 
the CPu. For instance, TNF-α knockout mice showed reduced dopamine 
loss in the CPu following MPTP treatment, without significant changes 
in the number of TH-positive neurons in the SNc (Ferger et al., 2004). 
These regional and temporal characteristics of TNF-α further underscore 
the complexity of neuroinflammatory responses in PD, emphasizing the 
importance of tailored therapeutic approaches.

Regarding IL-1β, a previous study performed in rats subsequently 
exposed to a non-toxic dose of lipopolysaccharide in the SNc and 6- 
hydroxydopamine in the CPu, indicated that the heightened vulnera
bility found in nigrostriatal dopaminergic neurons was principally 
mediated by the IL-1β released by microglial cells (Koprich et al., 2008).

Consistent with prior observations in MPTP-treated mice (Khan 
et al., 2013; Yarim et al., 2022), protein levels of IL-1β were significantly 
increased within microglial cells from MPTP-treated mice compared 
with controls. This increase was found in both the CPu and SNc, reaching 
its peak 1 day after the last MPTP administration. Importantly, we 
observed that NN treatment attenuates the MPTP-induced microglial 
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production of IL-1β depending on the brain area considered and the time 
of sacrifice. Indeed, in the CPu, NN treatment significantly reduced the 
IL-1β/IBA1 colocalization at both time points. On the other hand, in the 
SNc, NN treatment contrasted the microglial production of IL-1β 
exclusively in mice sacrificed 3 days after MPTP treatment. Once more, 
these results substantiate the perspective that the SNc and the CPu may 
exhibit a differential susceptibility toward MPTP effects, with the SNc 
potentially requiring a longer duration of NN treatment to counteract 
MPTP-induced neuroinflammatory processes. In this regard, it is note
worthy that several neuropathological studies conducted on patients 
and preclinical models of PD converge in suggesting differential vul
nerabilities to neurotoxic insults between dopaminergic cell bodies in 
the SNc and synaptic terminals in the CPu. Specifically, it has been 
proposed that PD initiates with the early manifestation of synaptic im
pairments, succeeded by the loss of dopaminergic axons and termina
tions within the CPu, and subsequently advances through the 
involvement of mesencephalic cell bodies (Gcwensa et al., 2021; 
Imbriani et al., 2018; Schirinzi et al., 2016). Hence, the anti- 
inflammatory effects induced by NN treatment in the CPu of MPTP- 
treated mice may play a crucial role in more effectively counteracting 
the propagation of neurotoxic events impacting the dopaminergic 
nigrostriatal tract. Regarding the mechanisms potentially involved in 
NN-mediated reduction of IL-1β levels, previous evidence suggests that 
several natural polyphenols, such as curcumin, resveratrol, and quer
cetin, the latter of which is contained in NN (Parekh et al., 2022), may 
reduce the microglial production of pro-inflammatory cytokines by 
modulating the nuclear factor kappa B (NF-kB) pathway (Karunaweera 
et al., 2015). Nevertheless, additional investigations are necessary to 
substantiate the hypothesis stated and verify the mechanisms involved.

In conclusion, the present research, extended the previous findings of 
our group on the neuroprotective effects of NN in a subacute MPTP 
mouse model of PD (Parekh et al., 2022), by providing consistent evi
dence supporting the anti-inflammatory effects of NN. In this respect, 
NN treatment significantly mitigates MPTP-induced astrogliosis and 
microgliosis, as well as the microglial production of the pro- 
inflammatory cytokines TNF-α and IL-1β. Notably, the anti- 
inflammatory effects of NN were more pronounced in the CPu 
compared with the SNc, which may be very relevant in light of 
compelling evidence indicating dopaminergic terminals as the primary 
site implicated in the early pathological cascades of the disease 
(Gcwensa et al., 2021; Imbriani et al., 2018; Schirinzi et al., 2016). The 
results also demonstrate that nutriosome formulation, an innovative 
nano-drug delivery system for in vivo administration, increases the 
bioavailability of otherwise inactive molecules (Parekh et al., 2022). 
Moreover, as neuroinflammation is implicated in the demise of nigros
triatal dopaminergic neurons, these findings may provide a potential 
mechanism underlying the neuroprotective effects observed upon NN 
treatment in the subacute MPTP mouse model of PD. Future studies will 
be fundamental in elucidating the contribution of each major poly
phenol present in the Nasco pomace extract to its anti-inflammatory and 
neuroprotective effects, as well as in providing a more comprehensive 
understanding of the underlying molecular mechanisms involved.
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