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A B S T R A C T

Aging constitutes a multifaceted biological phenomenon with profound implications for the central nervous 
system. Astrocytes, which serve as vital homeostatic support cells, undergo a transition toward cellular senes
cence over time, thereby fueling the progression of neurodegenerative pathologies. Ellagic acid (EA) is a natural 
polyphenol present in various fruits and nuts that has recently garnered attention for its potential anti-aging and 
anti-senescence properties. It has beneficial effects in models of neurodegeneration, cardiovascular and renal 
aging, and oxidative stress. However, its clinical application is hindered by low water solubility, poor stability, 
low permeability, and limited bioavailability.

To overcome these shortcomings and optimize its efficacy, galactosylated liposomes using galactosylceramide 
(Gal-LP-EA) were optimized. Liposomal encapsulation improved the water solubility of EA and they exhibited 
high encapsulation efficiency, good stability in the presence of human serum albumin and storage stability, and 
slow drug release profile. Gal-LP-EA improved EA permeability coefficient in BBB-PAMPA assay.

The ability of EA and Gal-LP-EA to counteract the senescence induced by doxorubicin was analysed in mixed 
primary glial cells. The results demonstrated that doxorubicin treatment induced a senescent phenotype in mixed 
glial cells, characterized by increased expression of senescence markers such as p21 and by decrease of Ki67 and 
SIRT1 along with activation of the DNA damage response (γ-H2AX and p53). Also, EA and especially Gal-LP-EA 
were able to reduce this effect.

The results of this multidisciplinary study underscore the potential of developing EA-loaded galactosyl-coated 
liposomes to modulate pathways involved in age-related neurodegeneration.

1. Introduction

Cellular senescence is a stable state of cell-cycle arrest characterized 
by persistent metabolic activity, resistance to apoptosis, chromatin 
remodeling, and the acquisition of a pro-inflammatory secretory 
phenotype known as the senescence-associated secretory phenotype 
(SASP) [1]. Initially described as a tumor-suppressive mechanism 
limiting the proliferation of damaged cells, senescence is now recog
nized as a complex biological process with both physiological and 
pathological roles [2]. Physiologically, transient senescence contributes 
to tissue remodeling, embryonic development, and wound healing. 
However, when senescent cells accumulate chronically, they promote 
tissue dysfunction, inflammation, and age-related pathologies. 

Accumulating evidence indicates that cellular senescence is a funda
mental contributor to the pathogenesis of numerous age-associated 
disorders, including neurodegenerative diseases, cancer, metabolic 
dysfunction, cardiovascular disease, and chronic inflammatory condi
tions [2,3].

Several antineoplastic agents, including the anthracycline doxoru
bicin, induce senescence through persistent DNA damage and activation 
of the DNA damage response (DDR). The DDR is initiated by the 
recruitment of sensor complexes to damaged chromatin, followed by 
activation of the ATM/ATR kinases and phosphorylation of downstream 
substrates, including histone H2AX (γH2AX) and the tumor suppressor 
p53. Upon stabilization, p53 undergoes post-translational modifications 
such as acetylation, which enhance its transcriptional activity toward 
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cell-cycle inhibitors, most notably p21. Increased p21 expression in
hibits cyclin-dependent kinases and enforces stable cell-cycle arrest. 
Importantly, the NAD+-dependent deacetylase SIRT1 acts as a negative 
regulator of this pathway by deacetylating p53 and limiting its tran
scriptional activity. Reduced SIRT1 expression therefore facilitates sus
tained p53 signaling and contributes to consolidation of the senescent 
phenotype [4–6].

Evidence of doxorubicin-induced senescence has been widely re
ported in tumor cells [7], endothelial cells [8], fibroblasts [9], car
diomyocytes [10], and neural progenitors [11], highlighting its broad 
impact across cell types.

Glial cells play essential roles in maintaining neuronal homeostasis, 
regulating synaptic function, supporting metabolic coupling, and 
orchestrating immune responses [12]. Astrocytes and microglia are 
particularly sensitive to genotoxic and oxidative stress, and accumu
lating evidence indicates that both cell types can acquire a senescent 
phenotype during aging and neurodegenerative diseases such as Alz
heimer's disease and Parkinson's diseases [12,13]. While most in vitro 
studies rely on isolated astrocyte cultures, mixed glial cultures provide a 
more physiologically relevant environment by preserving intercellular 
crosstalk and paracrine signaling. This is especially relevant in the 
context of senescence, where SASP factors and inflammatory mediators 
can induce secondary senescence in neighboring cells through paracrine 
signaling mechanisms, thereby amplifying tissue-level dysfunction [14]. 
Therefore, mixed glial cultures may better recapitulate the multicellular 
dynamics occurring in the aging brain.

EA is a natural polyphenol that has recently garnered attention for its 
potential anti-aging and anti-senescence properties [15]. Its beneficial 
effects in models of neurodegeneration, cardiovascular and renal aging, 
and oxidative stress have been widely reported [16,17]. However, its 
clinical application is hindered by low water solubility (9.7 μg/mL) [18], 
poor stability, and limited bioavailability. Additionally, EA exhibits poor 
permeability, as demonstrated by permeability coefficient (Pe) value of 
2.2 × 10− 7 cm/s across the blood-brain barrier (BBB) [19]. To overcome 
these limitations, liposomal formulations have emerged as a promising 
strategy to improve EA therapeutic performance. Khan et al. showed 
that liposomal EA improved antifungal efficacy and reduced systemic 
toxicity in a cyclophosphamide-induced leukopenic murine model of 
systemic Cryptococcus neoformans infection compared with free EA and 
fluconazole [20].

Emerging evidence indicates that EA can modulate key cellular stress 
pathways implicated in senescence, including oxidative stress, inflam
mation, autophagy, and DNA damage signaling. In human dermal fi
broblasts subjected to oxidative stress, EA has been shown to attenuate 
markers of senescence such as senescence-associated β-galactosidase 
(β-gal) activity and DNA damage (γH2AX and p53), while restoring cell 
viability and cell cycle progression, and suppress pro-inflammatory cy
tokines by enhancing antioxidant defenses Collectively, these findings 
support the rationale for investigating EA as a candidate modulator of 
cellular senescence. Despite the increasing recognition of senescence in 
aging, chemotherapy-related neurotoxicity and neurodegenerative dis
eases, effective strategies to modulate or prevent senescence, specif
ically in glial cells, remain limited. Moreover, improving the 
bioavailability and targeted delivery of therapeutic agents represents a 
critical challenge.

The overexpression of the enzyme β-gal represents a functional and 
targetable enzymatic hallmark of senescent cells. β-gal is capable of 
specifically recognizing and processing galactose-containing substrates 
[21]. From a pharmaceutical technology perspective, this enzymatic 
activity provides a valuable opportunity to design enzyme-responsive 
nanocarriers able to selectively interact with β-gal-enriched cellular 
environments. Among galactose-containing substrates, galactosylcer
amide (Gal) has been reported in the literature as a promising targeting 
moiety [22,23].

In the present study, Gal was employed as a β-gal-responsive func
tional lipid to develop galactosylated liposomes encapsulating EA to 

improve its solubility, stability, permeability and pharmacological ef
fects. The underlying rationale is that enzyme-mediated recognition at 
the nanocarrier surface may enhance selective uptake by senescent cells 
and potentially promote the intracellular release of the encapsulated 
active compound. Galactosyl-functionalized formulations have been 
proposed to enhance cellular uptake and potentially increase drug 
effectiveness [22,24,25]. However, whether galactosyl-decorated for
mulations improve therapeutic efficacy in the context of 
chemotherapy-induced glial senescence has not been thoroughly 
explored.

In this study, a preclinical in vitro model of chemotherapy-induced 
senescence in mixed glial cultures was established using doxorubicin. 
The aim of this study was to evaluate whether galactosyl-coated lipo
somes enhance EA solubility, permeability and biological efficacy. Ul
timately, this study seeks to provide mechanistic insights into glial 
senescence and to explore novel delivery strategies for mitigating 
senescence processes.

2. Materials and methods

2.1. Chemicals and reagents

Ellagic acid (EA) with 98% purity, cholesterol ≥95% (CH), aceto
nitrile (HPLC grade), dichloromethane, methanol (HPLC grade), formic 
acid (analytical grade), phosphate-buffered saline (PBS, pH 7.4), ethanol 
(96%), dodecane (≥99%), Coumarin 6 (6C, purity 98%) and Human 
Serum Albumin (HSA) were sourced from Sigma Aldrich (Milan, Italy). 
Phosphatidylcholine (Phospholipon 90G, P90G) was obtained from Li
poid AG (Cologne, Germany). Ultrapure water was prepared using the 
Merck Millipore Simplicity® UV Water Purification System (Merck 
KGaA, Darmstadt, Germany). Galactosylceramide (Gal) was supplied by 
Cayman Chemical Company (Ann Arbor, Michigan, USA). Porcine polar 
brain lipid (PBL) was purchased from Avanti Polar Lipids, Inc. 
(Alabaster, AL).

2.2. Analytical method

EA quali-quantitative analyses were performed using a High- 
Performance Liquid Chromatograph (HPLC), HP 1200, equipped with 
an autosampler and a Diode Array Detector (DAD), (Agilent Technology, 
Santa Clara, CA, USA). The column was a Kinetex C18 (150 × 4.6 mm, 
5 μm) maintained at 25 ◦C. A gradient analytical method with 0.8 mL/ 
min flow rate was applied, using (A) acetonitrile and (B) formic acid/ 
water pH 3.2 as mobile phase. The gradient profile was: 0–8 min, 5% A, 
95% B; 8–12 min, 5-40% A, 95-60% B; 12–13 min, 40-5% A, 60–95% B; 
13–20 min, 5–5% A, 95–95% B to re-equilibrate the column at the start 
of the method. The UV spectra were acquired at 254 nm with a retention 
time of approximately 8.2 min. A calibration curve was obtained pre
paring a stock solution of EA in MeOH (0.35 mg/mL) subsequently 
diluted with MeOH 5, 10, 100-folds and injected (10, 20, 30 μL for each 
dilution). The linear correlation coefficient R2 was 0.9999.

The quali-quantitative determination of 6C was performed using a 
Supelco analytical column (25 cm × 4.6 mm, 5 μm). The chromato
graphic analysis was carried out at a flow rate of 1 mL/min using 
acetonitrile and formic acid/water solution (pH 3.2) as mobile phases 
under isocratic elution conditions (95% acetonitrile and 5% aqueous 
phase). UV detection was performed at 444 nm. The stock solution (6C 
0.105 mg/mL in MeOH) was diluted 1, 2, 10 and 20-fold to obtain the 
calibration standards. The calibration curve showed a correlation coef
ficient (R2) of 0.9999.

2.3. Preparation of EA-loaded galactosylceramide-coated liposomes (Gal- 
LP-EA)

Gal-LP-EA were prepared by the thin-film hydration technique, as 
previously described [26]. Briefly, 200 mg of P90G, CH, and Gal at a 
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gravimetric ratio of 7:2.5:0.5 were dissolved together with 5 mg of EA in 
12 mL of a 1:1 (v/v) dichloromethane/methanol mixture. The system 
was sonicated for 1 min and subsequently maintained at 37 ◦C under 
magnetic stirring for 10 min to promote complete EA solubilization in 
the organic phase [27,28]. Afterward, the organic solvent was removed 
under vacuum evaporation, leading to the formation of the thin lipid 
film. The film was hydrated with 10 mL of deionized water and me
chanically stirred at 50 ◦C for 30 min. Size reduction and sample ho
mogenization were achieved by probe sonication for 4 min (2 s on/off 
cycles, 46% amplitude), while keeping the dispersion in an ice bath to 
avoid lipid degradation.

Empty liposomes (Gal-LP) were prepared according to the same 
procedure.

2.4. Preparation of 6C-Loaded galactosylceramide-coated liposomes 
(Gal-LP-6C)

Gal-LP-6C were prepared following the same procedure described for 
Gal-LP-EA. Briefly, 2 mg of 6C were dissolved in the lipid phase, 
obtaining a final concentration of 0.2 mg/mL.

2.5. Physical and chemical characterization

The physical characterization of liposomal formulations was carried 
out using a Zeta Sizer Pro instrument (Malvern Instruments Ltd.; Wor
cestershire, UK). Particle size (nm), polydispersity index (PdI), and Zeta 
potential (mV) were determined by Dynamic Light Scattering (DLS) and 
Electrophoretic Light Scattering (ELS) analyses, following a 10-fold 
dilution of the samples with deionized water.

Chemical characterization was performed by determining the 
encapsulation efficiency (EE%) through the direct dialysis bag method, 
as described by Ref. [29]. Regenerated cellulose dialysis membranes 
(Spectrum Laboratories, Inc., Breda, The Netherlands; MWCO 
12–14 kDa) were employed. Briefly, 2 mL of liposomal formulations 
were placed into the dialysis bag, which was subsequently immersed in 
1 L of Millipore water and maintained under continuous magnetic stir
ring for 1 h at room temperature (25 ◦C). After purification, 100 μL of the 
dialyzed sample were mixed with 900 μL of methanol. The resulting 
solution was sonicated in an ultrasonic bath for 30 min to ensure com
plete disruption of the nanocarrier system, followed by ultracentrifu
gation at 14,000 rpm for 10 min. The obtained supernatant was finally 
analysed by HPLC-DAD, and the EE% was calculated according to the 
following equation (1) [30]: 

EE%=
weight of EA in liposomes

weight of AE fed
x100 (1) 

2.6. Stability studies

The physical and chemical stability of Gal-LP-EA was evaluated over 
a 30-day period under refrigerated conditions (+4 ◦C). At pre
determined time intervals, the formulations were analysed in terms of 
particle size, PdI, and Zeta potential. In parallel, chemical stability was 
assessed by monitoring variations in EE%.

To mimic physiological conditions, the Gal-LP-EA was incubated in 
an HSA solution prepared in PBS at a concentration of 45 mg/mL. This 
concentration falls within the physiological range of albumin in human 
blood plasma (35-50 g/L). Specifically, 200 μL of Gal-LP-EA dispersion 
was mixed with 2 mL of the HSA solution and incubated for 3 h, 
following established protocols [30,31]. The stability of the formulation 
under blood-mimicking conditions was subsequently evaluated by 
measuring particle size and PdI at selected time points. Prior to DLS 
analysis, samples were diluted four-fold with ultrapure water.

2.7. In vitro drug release study

Dialysis bag technique, employing regenerated cellulose dialysis 
membranes (Spectrum Laboratories, Inc., Breda, The Netherlands; 
MWCO 12–14 kDa) was used for in vitro release study [32]. EA-solution 
(0.33 mg/mL in methanol) and 2 mL of Gal-LP-EA (0.5 mg/mL) were 
loaded into a pre-hydrated dialysis bag, which was subsequently placed 
in a beaker containing 100 mL of a PBS/EtOH mixture (70:30, v/v) used 
as the release medium. The system was maintained at 37 ◦C throughout 
the experiment under continuous magnetic stirring at 100 rpm.

At predetermined time points, 1 mL aliquots of the release medium 
were collected. To preserve sink conditions, each withdrawn sample was 
immediately replaced with an equal volume of fresh PBS/EtOH solution. 
The collected samples were analysed by HPLC-DAD to quantify the 
amount of EA released over a 48 h period. The cumulative percentage of 
EA released was calculated according to the following equation (2): 

% Release=
μg

μl injected x Vtot medium
Cformulation x Vformulation in bag

(2) 

2.8. Parallel artificial membrane permeability Assay (PAMPA)

The BBB-PAMPA assay was employed to estimate the passive 
permeability of EA across a membrane miming the BBB, using a 96-well 
MultiScreen-IP filter plate (Millipore Corporation, Tullagreen, Carrigt
wohill, Cork, Ireland).

To reproduce the lipidic composition of the BBB, the artificial 
membranes were coated with 10 μL PBL solution (2% w/v in n-dodec
ane) [33]. The donor compartment was then loaded with 250 μL of EA 
solution (0.3 mg/mL in methanol, diluted with PBS to a final concen
tration of 0.1 mg/mL) or Gal-LP-EA dispersion (0.5 mg/mL), while the 
acceptor compartment was filled with 250 μL of PBS/EtOH (70:30, v/v). 
The assay was carried out at room temperature (25 ◦C).

After assembling the PAMPA sandwich, samples were collected from 
the acceptor compartment at 4, 8, and 17 h. The withdrawn samples 
were appropriately diluted with methanol, subjected to ultrasonic bath 
treatment for 30 min to ensure complete disruption of the formulation, 
and subsequently ultracentrifuged at 14,000 rpm for 10 min. The 
resulting supernatants were analysed by HPLC-DAD to quantify EA 
concentration.

The effective permeability coefficient (Pe), expressed in cm2/s, was 
calculated according to the following equation (3): 

Pe=C⋅
[

− ln
(

1 −
Ca

Cequilibrium

)]

(3) 

Where: 

C=
(Vd⋅Va)

[(Vd + Va)⋅A⋅t]
(4) 

Cequilibrium=
[Cd⋅Vd + Ca⋅Va]

Vd + Va
(5) 

A represents the filter surface area (0.24 cm2) multiplied by the 
apparent porosity of the filter (f), which is 20% or 0.048 cm2. Va and Vd 
represent the acceptor volume (250 μL) and the donor volume (250 μL), 
respectively. t is the incubation time (in seconds), while Ca and Cd refer 
to the drug concentrations in the acceptor (mg/mL) and donor (mg/mL) 
compartments, respectively.

2.9. Cellular study

2.9.1. Animals
Wistar rats (Charles River, Italy) were used for the preparation of 

primary cultures of mixed glial cells. All animal experiments satisfied 
the regulatory requirements of the European Parliament (Directive 
2010/63/EU), European Union Council (September 22, 2010), and 
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Italian Animal Welfare Law (DL 26/2014). The protocol received 
approval from the Institutional Animal Care and Use Committee (Univ. 
Florence) and the Italian Ministry of Health. Animal suffering and the 
animal number required for data reproducibility were minimized.

2.9.2. Mixed rat glial cells
Primary mixed cultures of astrocytes and microglia (referred as 

“mixed glial cells”) were prepared from post-natal day 1-2 Wistar rats as 
previously described [34,35] and grown in DMEM (Dulbecco's Modified 
Eagle's Medium – high glucose DMEM D6546-500 ML, Merck Life Sci
ence, Milan, Italy) +10% fetal bovine serum (FBS) (Honduras Origin 
F7524, Merck Life Science, Milan, Italy). Briefly, cortices were isolated 
in cold phosphate-buffered saline (PBS) and then incubated for 10 min at 
37 ◦C in phosphate-buffered saline containing 0.25% trypsin (Trypsi
n-EDTA Solution T3924-100 ML, Merck Life Science, Milan, Italy) and 
0.05% DNase (Deoxyribonuclease I from bovine pancreas DN25-100 
MG, Merck Life Science, Milan, Italy). After blocking enzymatic diges
tion with the addition of 10% heat-inactivated FBS, cortices were me
chanically disrupted, washed, and the cells resuspended in DMEM+10% 
FBS and plated in 24-well plates. The cells after they had reached the 
confluence were stimulated with 250 nM doxorubicin (D1515 Merck 
Life Science, Milan, Italy). The dose of doxorubicin was selected by the 
literature [36,37]. EA was dissolved in dimethyl sulfoxide (4 mg/mL), 
and was stored at − 20 ◦C. For the experiments, EA was diluted in cell 
culture medium. EA and Gal-LP-EA were added to the culture medium 
together with doxorubicin. Cells were lysed after 24 h of exposure for 
real-time PCR and for Western Blot assays. Cultures were kept in an 
incubator at 37 ◦C, 100% humidity, and 95% air/5% CO2 atmosphere 
and used for experiments at 7-8 days in vitro.

2.9.3. Lactate dehydrogenase (LDH) assay
Cytotoxicity after drugs exposure was verified with the LDH assay. 

Damage in mixed glial cells was quantitatively assessed by measuring 
the amount of LDH released by the damaged cells into the culture me
dium, 24 h and 4 days after ellagic acid or liposomes alone or in com
bination with doxorubicin exposure, by adding catalyst and dye 
solutions of a Cytotoxicity Detection Kit (LDH) (Roche Diagnostics, 
Indianapolis, IN). The absorbance values were recorded at 490 nm and 
690 nm. Cytotoxicity was expressed as a percentage compared to the 
maximum LDH release in the presence of Triton X-100 (TX).

2.9.4. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay

To assess cell viability after drugs exposure, the MTT assay was 
performed in mixed glial cells. 24 h and 4 days after the end of treat
ments with EA or Gal-LP-EA alone or in combination with doxorubicin, 
cells were treated with 1 mg/mL of MTT for 15 min at 37 ◦C and 5% 
CO2. Finally, DMSO was added to dissolve MTT formation, and absor
bance was measured at 550 and 690 nm. Cell viability was expressed as a 
percentage compared to CRL. Triton X-100 was employed as the nega
tive control since its detergent action disrupts the cells.

2.9.5. Quantitative real-time polymerase chain reaction (RT-qPCR)
Evaluation of p53, cyclin-dependent kinase inhibitor 1A (p21) and 

Sirtuin 1 (SIRT1) Gene Expression by Quantitative Real-Time Polymerase 
Chain Reaction (RT-qPCR). Total RNA was isolated from mixed glial cells 
using Trizol Reagent REF #15596026 (Thermo Fisher Scientific, Milan, 
Italy). One μg of RNA was retrotranscribed using PrimeScript RT Reagent 
Kit with Gdna Eraser (Perfect Real Time 100 Rxns #RR047A, Diatech Lab 
Line Srl, Jesi,AN, Italy). RT-qPCR was performed as reported (Primers 
were purchased from Integrated DNA Technologies (Iowa, USA). Ribo
somal 18S RNA was used as the normalizer. Quantitative PCR was per
formed using the following procedure: 95 ◦C for 30 s, 95 ◦C for 5 s and 
60 ◦C for 15 s for 45 cycles. The sequences of the primers used read as 
follows: P53 rat forward 5’ - TGCAGAGTTGTTAGAAGGCCCAGAGG - 3′ 
reverse 5’ - ACTTGGCTGTCCCTGACTGCAGGAA - 3’; P21 rat forward 5’ – 

TCCGATCCTGGTGATGTCCGACC - 3′ reverse 5’ – GAACACGCTCCCA
GACGTAGTTGC - 3’; SIRT1 rat forward 5’ - TCTCCCAGATCCTCAAGC 
CATGTTCG - 3′ reverse 5’ - AAAATTGCTTTCCTTCCACTGCACAGGC - 3’; 
18S rat forward 5′- GGCGGCTTTGGTGACTCTAGATAACC -3′ and reverse 
5′- CCTGCTGCCTTCCTTGGATGTGG -3’.

2.9.6. Western blotting
Evaluation of Ki67 and anti-phospho-Histone H2AX (γ-H2AX) pro

tein expression by Western Blotting. Mixed glial cells were washed with 
cold 0.01 M PBS, pH 7.4, at the end of the treatment and dissolved in 1% 
SDS. The BCA (bicinchoninic acid) protein assay was used to quantify 
the total protein levels. Lysates (20 μg/lane of protein) were resolved by 
electrophoresis on a 4–20% SDS-polyacrylamide gel (Bio-Rad Labora
tories, Hercules, CA) and transferred onto nitrocellulose membranes. 
After, the membranes (Bio-Rad, Milan, Italy; Cat. Nos. 1704158 and 
1704159) were blocked for 5 min using EveryBlot® Blocking Buffer 
(Bio-Rad, Milan, Italy; Cat. No. 12010020). Then, the membranes were 
incubated overnight at 4 ◦C with rabbit polyclonal antibodies against Ki- 
67 (PA5-143612) (from Invitrogen, Life Technologies, Segrate, Milan, 
Italy), polyclonal rabbit antibodies against Phospho-Histone H2A.X 
(Ser139) (2577) (Cell Signaling Technology, Beverly, MA), diluted 
1:1000 in TBS-T containing 5% bovine serum albumin. As a loading 
control, the monoclonal anti-β-actin antibody was from Sigma (St. Louis, 
MO). Immunodetection was performed with secondary antibodies 
(1:3000 anti-mouse or antirabbit IgG from donkey, Amersham Bio
sciences, Amersham, UK) conjugated to horseradish peroxidase in TBS-T 
containing 5% non-fat dry milk. Membranes were washed with TBS-T, 
and then reactive bands were detected using chemiluminescence (ECL
plus; Euroclone, Padova, Italy). Quantitative analysis was performed 
using the QuantityOne analysis software (Bio-Rad, Hercules, CA).

2.9.7. SA-β-gal staining for senescence detection
Senescence-associated β-galactosidase (SA-β-gal) activity was quali

tatively assessed using the Senescence β-Galactosidase Staining Kit 
(Ref# 9860, Cell Signaling Technology, Baverly, MA, EEUU) according 
to the manufacturer's instructions. Briefly, cells were washed with PBS 
and fixed with Fixative Solution, followed by two additional PBS 
washes. The β-galactosidase staining solution was freshly prepared to 
obtain a final pH of 6.0. Cells were incubated with the staining solution 
at 37 ◦C overnight in a dry incubator without CO2 to prevent pH fluc
tuations. Senescent cells were identified by the development of a blue 
precipitate under bright-field microscopy (200× magnification). For 
quantitative analysis, SA-β-gal-positive cells were identified by the 
presence of blue cytoplasmic staining and expressed as a percentage of 
the total number of cells within each field. Data were quantified using 
the Threshold Color plugin in ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) and expressed as the percentage of SA- 
β-gal-positive cells.

2.9.8. Cellular uptake studies
For the evaluation of the intracellular content of 6C, mixed glial cells 

were cultured on histological slides and were exposed for 1 h to Gal-LP- 
6C loaded with 0.2 mg/mL of 6C and diluted 1: 40 into a medium, and to 
a solution of fluorescent probe at the final concentration of 5 μg/mL of 
6C. At the end of the treatment, cells were fixed in 4% formaldehyde in 
phosphate buffer 0.1 mol/L, pH 7.4, for 15 min and stained with DAPI 
shielded fluorine (Sigma, Milan, Italy) to visualize the nucleus. Cellular 
uptake was studied by fluorescence microscopy using 6C-labeled lipo
somes, with a high-pressure mercury vapor lamp, 20× objective 
(OLYMPUS BX3-CBH/U-MCZ, Evident Europe GmbH, Milan, Italy). 
Filter set: excitation 365 nm emission 400 nm high pass DAPI, excitation 
485 nm emission 524 nm. Fluorescence intensity was calculated with 
ImageJ software and was normalized to the cell number in each field.

2.9.9. Statistical analysis
Data are expressed as mean ± standard deviation (SD). For cellular 
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studies, the statistical significance of differences between control and 
treatment groups in LDH and MTT assay was analysed using one-way 
ANOVA followed by a post hoc Dunnett's test for multiple compari
sons. One-way ANOVA followed by post hoc Tukey test for multiple 
comparisons were used for analyzing gene and protein expression levels 
and for SA-β-Gal activity. Cellular uptake studies of 6C and Gal-LP-6C 
were analysed using Student's t-test. GraphPad Prism v. 8 for Windows 
(GraphPad Software, San Diego, CA) was used to perform all statistical 
analyses, considering a probability value (p) < 0.05 as significant.

3. Results and discussion

3.1. Preparation and chemical-physical characterization of Gal-LP-EA

The increase in life expectancy and the growing aging population 
have led to a rise in chronic and degenerative diseases [38]. A common 
hallmark of these conditions is cellular senescence, a state of irreversible 
cell cycle arrest that contributes to tissue dysfunction [39]. Unlike 
quiescent cells, senescent cells are metabolically active and secrete 
pro-inflammatory and pro-oxidant molecules, collectively known as the 
SASP, which fosters chronic inflammation and disease progression [40]. 
Senescent cells exhibit increased size, mitochondrial dysfunction, lyso
somal accumulation, and the formation of senescence-associated het
erochromatin foci (SAHFs); however, no universal markers exist [41]. 
Common indicators include upregulation of the cell cycle inhibitors 
p16INK4a, p21CIP1 and p27. Notably, the overexpression of the enzyme 
β-Gal is a widely used marker [42] and it represents the investigated 
strategy of this study. EA is a polyphenolic compound primarily found in 
Punica granatum L., though it is also present in blueberries, strawberries, 
grapes, walnuts, and almonds [43]. EA reduces ROS, lipid peroxidation, 
and inflammatory mediators such as TNF-α, while increasing endoge
nous antioxidant levels including GSH and CAT. Despite its numerous 
beneficial effects, the therapeutic use of EA is limited due to its low 
solubility and poor bioavailability in an aqueous environment. To 
overcome these limitations, nanotechnology-based drug delivery sys
tems have gained significant attention [44]. EA-loaded nanocarriers, 
including nanoparticles [45–47], polymeric micelles [48], and lipo
somes [49,50] have improved the solubility, stability, circulation time, 
pharmacological effects while reducing toxicity. Among these, nano
particles (NPs) represent the most widely studied system. Nevertheless, 
therapeutic efficacy could be further enhanced by combining nano
carriers with a selective targeting strategy, using surface modifications 
with functional ligands. In this context, galactosyl prodrugs have been 
explored for targeting senescent cells [24,51–55]. Gal is a 
galactose-derivate employed for its specific enzymatic targeting mech
anism [22,23], as it is preferentially recognized and processed by cells 
with high β-gal expression. The enzyme cleaves the 
galactose-nanoparticle bond, allowing the release of the encapsulated 
active ingredient inside target cells [21].

In this study, liposomes were selected for their biocompatibility, 
biodegradability, and ability to encapsulate both hydrophilic and lipo
philic compounds. The formulation was functionalized with a galactosyl 
derivative to selectively target senescent cells overexpressing β-Gal, 
thereby maximizing EA's therapeutic potential through specific delivery.

Gal-LP exhibited a mean particle size of 89.27 ± 0.58 nm, with a 
narrow size distribution (PdI 0.22 ± 0.00), indicating a homogeneous 
liposomal population. After EA loading, a slight increase in particle size 
was observed (110.80 ± 0.17 nm), while maintaining a low poly
dispersity index (PdI 0.21 ± 0.02), which suggests that drug incorpora
tion did not compromise colloidal uniformity (Table 1). The final EA 
concentration in the formulation was 0.5 mg/mL. Considering the poor 
aqueous solubility of EA (9.7 μg/mL), liposomal encapsulation increased 
its apparent solubility by approximately 51-fold.

The slightly negative Zeta potential values for both formulations 
(− 23.22 ± 1.40 mV for Gal-LP and − 24.04 ± 0.04 mV for Gal-LP-EA) 
indicated good colloidal stability, which was further confirmed by the 

stability studies.
EE% of 80.44 ± 0.62% demonstrated that Gal-LP-EA effectively 

incorporated EA within the lipid matrix. This value confirms the suit
ability of the formulation strategy for drug loading. In this study, a 0.5 
mass ratio Gal to the lipid components was selected based on existing 
literature. Although most studies report ratios of galactose derivative to 
other components in molar terms [53], utilized it at a 0.5 mass ratio, 
which is consistent with the approach adopted here.

3.2. Stability study

Physical and chemical Gal-LP-EA profiles were monitored for 30 
days at +4 ◦C, every 5 days, during which vesicle sizes remained con
stant as did the PdI and Zeta Potential, as shown in Fig. 1. The sizes 
ranged between 110.8 ± 0.17 nm and 115.2 ± 0.191 nm; PdI fluctuated 
between 0.21 and 0.23 mV and Zeta Potential changed from 
− 24.04 ± 0.04 at day 0 to − 27.33 ± 0.26 mV at day 30.

Chemical stability was monitored concurrently, during which the 
formulation maintained a consistent profile. The EE% remained stable at 
approximately 80%, showing only minimal variations throughout the 
observation period, as illustrated in Fig. 1.

The lipid composition of the bilayer significantly influences the 
stability of liposomes in human blood serum; higher protein binding 
typically correlates with greater liposomal instability.

The stability of liposomes in the presence of physiological concen
tration of HSA was also evaluated, using HSA as a model for biological 
fluids. DLS analysis confirmed that sizes were not affected, revealing a 
coexistence of free serum proteins and optimized nanocarrier without 
any detectable protein corona effect (Table 2) [31]. This is in agreement 
with that liposomes with a neutral or slightly negative charge containing 
phosphatidylcholine are highly stable and bind minimal amounts of 
serum proteins [56].

3.3. In vitro drug release study

The in vitro release profile of EA from a methanolic solution (EA-sol) 
and from Gal-LP-EA was investigated over a 48-h period using the 
dialysis bag method (Fig. 2). The EA-sol exhibited a rapid and sub
stantial release profile, with approximately 40% of the drug released 
within the first hour and exceeding 56% within 2 h. Cumulative release 
further increased to 73% at 6 h, plateauing at ~86–87% at 24 and 48 h, 
which indicates a fast diffusion of the compound. In contrast, Gal-LP-EA 
showed a slower and sustained release trend. Approximatively 25% of 
EA was released within the first hour, with minimal additional release 
up to 6 h (~28%). Even at 24 h, the cumulative release remained limited 
(~32%), reaching approximately 40% at 48 h. This sustained-release 
behavior can be attributed to strong interactions between EA and the 
liposomal membrane. The lipid composition of the bilayer dictates its 
fluidity or rigidity, directly influencing the drug diffusion rate. Conse
quently, Gal-LP-EA successfully reduced the initial burst effect observed 
for free EA, providing a sustained release profile over 48 h, and pre
venting rapid and uncontrolled diffusion.

To further characterize the release of EA from liposomes, the flux 
rate (J) was calculated from the slope of the linear portion of the cu
mulative release versus time curves divided by the diffusion area of 
22 cm2 [57,58]. The resulting flux values were 0.014 μg/cm2/h for the 
liposomal formulation and 0.024 μg/cm2/h for the methanolic solution. 
The higher flux observed for the free drug is consistent with its greater 

Table 1 
Physical and chemical characterization of Gal-LP and Gal-LP-EA. Data are re
ported as mean ± SD of n = 4 experiments.

Sample Size (nm) PdI Z-pot (mV) EE%

Gal-LP 88.76 ± 0.76 0.22 ± 0.00 − 23.20 ± 1.39 -
Gal-LP-EA 109.5 ± 0.87 0.21 ± 0.01 − 23.94 ± 0.13 80.01 ± 1.33
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diffusivity in the absence of a carrier system.

3.4. Parallel Artificial membrane permeability Assay (PAMPA)

The BBB-PAMPA assay was employed to evaluate the passive 
permeability of EA delivered via the galactosylated liposomal formula
tion. As expected, free EA exhibited limited permeability, consistent 
with previous reports describing its poor capacity to diffuse across both 
the gastrointestinal epithelium and the BBB [18,19,59].

At 4 h, EA in solution displayed a Pe value of 1.72 × 10− 6 cm/s, 
slightly higher than that observed for Gal-LP-EA (1.26 × 10− 6 cm/s). A 
different trend emerged at 8 h, in fact the Pe of free EA decreased to 
7.44 × 10− 7 cm/s, while Gal-LP-EA maintained a more stable perme
ability profile with a Pe value of 1.02 × 10− 6 cm/s. Although a slight 
reduction was also observed for the liposomal formulation between 4 
and 8 h, the decrease was substantially less pronounced than that of free 
EA, indicating improved maintenance of permeation over time 
(Table 3). This behavior indicates that the nanocarrier modulates EA 
release kinetics, preventing the rapid decline in permeation observed for 
non-encapsulated compound.

Results were also expressed as the absolute amount of EA permeated 
through the membrane surface area (μg/cm2), as shown in Table 4. For 
the EA-sol, the permeated amount increased from 1.04 ± 0.02 μg/cm2 at 
4 h to 2.12 ± 0.15 μg/cm2 at 8 h, indicating a time-dependent accumu
lation of the compound in the acceptor compartment. Notably, the 
galactosylated liposomes exhibited higher permeation at both time 
points, reaching 5.84 ± 0.60 μg/cm2 at 4 h and 10.07 ± 1.12 μg/cm2 at 
8 h, corresponding to an approximately 5.6-fold and 4.7-fold increase 
over free EA at 4 and 8 h, respectively.

Recovery values remained above 80% at 4 and 8 h, confirming the 
robustness and reliability of the experiment. Importantly, the perme
ability coefficients obtained (10− 6 cm/s range) are consistent with 
values typically reported for BBB-PAMPA assays in the literature [19], 
supporting the methodological validity of the study. Overall, these 
findings demonstrate that liposomes offer an important contribution in 
increasing the passive permeation of EA, supporting their potential use 
as delivery systems for improving the bioavailability of poorly perme
able compounds.

Fig. 1. Storage stability test of Gal-LP-EA at +4 ◦C for 30 days. Physical sta
bility: (A) Particle size and polydispersity index (PdI); (B) Zeta potential. 
Chemical stability: Encapsulation Efficiency (C). Data are shown as mean ± SD 
of n = 4 experiments.

Table 2 
Physical stability (Size) of Gal-LP-EA in the presence 
of HSA. Data are expressed as mean ± SD of n = 3 
experiments.

Time (h) Size (nm) ± SD

0 105.7 ± 0.15
0.5 100.1 ± 0.64
1 101.6 ± 0.78
2 100.5 ± 0.58
3 100.4 ± 0.36

Fig. 2. EA release from EA-sol and Gal-LP-EA. The release medium was with
drawn and analysed after 1, 2, 4, 6, 24 and 48 h for each sample. Data are 
shown as mean ± SD of n = 4 experiments.

Table 3 
Pe values (cm/s) referred to EA solution in MeOH (0.3 mg/mL) diluted with PBS: 
EtOH (80:20) to 0.1 mg/mL and to Gal-LP-EA. Data are expressed as mean ± SD 
of n = 4 experiments.

Time Pe (cm/s)

EA-sol SD Gal-LP-EA SD

4h 1.72E-06 2.95E-07 1.19E-06 1.51E-07
8h 7.44E-07 3.18E-08 1.02E-06 5.94E-08
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While PAMPA allows only for the evaluation of passive mechanisms, 
the results proved a significant increase in the Pe value, the total amount 
of EA permeated, and the absorbed dose due to the liposomal formula
tion. Although it is a simplified assay, it is highly useful in pre- 
formulation studies for an initial evaluation of the permeability of sin
gle substances. The PAMPA assay provides preliminary and useful in
dications regarding the carrier, but further cellular and in vivo studies 
are required to confirm its potential use as a delivery system for 
enhancing BBB bioavailability.

3.5. Cellular study

EA has demonstrated many therapeutic benefits as confirmed by in 
vitro [60,61], in vivo [62,63] and clinical studies [64]. Rahimi and col
leagues demonstrated that EA (0.01-10 μM) exhibited anti-aging prop
erties against damage caused by D-galactose in human neuroblastoma 
cell line SH-SY5Y [65]. Another study showed that EA (0.5, 1, 5, and 
10 μM) reduced NO generation and TNF-α levels in BV2 microglial cells 
stimulated by LPS [66]. In 2015, Alfredsson and colleagues showed that 
EA (50 μM) decreased cell detachment, loss of viability, and activation of 
apoptosis in neuroblastoma cells (SH-SY5Y) undergoing differentiation 
with ATRA and TPA [67]. Furthermore, EA 30 μM decreased ROS 

production and astrocyte cell death in rat primary astrocytes treated 
with cadmium [68]. Rizk et al. [69] demonstrated that 
co-administration of EA (10 mg/kg) along with doxorubicin suppressed 
brain contents of lipid peroxides, reduced TNF-α and caspase-3 con
centrations, and improved the GSH concentration in rats treated for 14 
days.

In this study EA and Gal-LP-EA were tested in an in vitro model of 
senescence. It's already demonstrated that the exposure to the anti- 
cancer drug doxorubicin can be able to induce senescence in fibro
blasts [70] but also in primary rat astrocytes cultures [37]. To investi
gate the ability of doxorubicin to induce senescence in glial cells, we 
cultured mixed rat primary glial cells obtained by cerebral cortex of 2 
post-natal day rat pups. The cells were then treated with 250 nM of 
doxorubicin for 24 h. Therefore, the influence of the liposomal formu
lation in increasing the EA delivery and its activity at the cerebral level 
to counteract the effect of doxorubicin was evaluated.

3.5.1. Effects of EA and gal-LP-EA on mixed glial cells
To evaluate the safety and tolerability of EA and Gal-LP-EA, glial 

cells were exposed 24 h to EA and Gal-LP-EA (5 -25 μg/mL) and sister 
cultures were exposed to 250 nM of doxorubicin for 24 h in the presence 
or absence of EA or Gal-LP-EA (5-10 μg/mL). The cytotoxicity of EA and 
Gal-LP-EA alone and in combination with doxorubicin were assessed 
with LDH assays, as indicator of cell death and cytotoxicity, with Triton- 
X 0.01% used as the positive control. Fig. 3A shows that when present in 
the incubation medium, EA or Gal-LP-EA did not induce significant 
differences in LDH levels compared to the control. Similarly, 24 h of 
doxorubicin treatment did not alter the LDH dosages when present in the 
incubation medium alone or alongside EA or Gal-LP-EA, compared to 
the control (CRL) cells (Fig. 3C). Moreover, to better evaluate long-term 

Table 4 
Absorbed dose (A) of EA from Gal-LP-EA and from EA-sol after 4 h and 8h of 
incubation. Data are expressed as mean ± SD of n = 4 experiments.

A μg/cm2

EA-sol 1.04 ± 0.02 (A4) 2.12 ± 0.15 (A8)
Gal-LP-EA 5.53 ± 0.77 (A4) 10.03 ± 0.65 (A8)

Fig. 3. Rat mixed glial cells cytotoxicity and cell viability by LDH and MTT assays. Glial cells were exposed for 24 h to EA or Gal-LP-EA (5-25 μg/mL) (A-B) or to 250 
nM doxorubicin alone or in presence of EA and Gal-LP-EA and LDH and MTT assays were performed 24 h (C-D) or 4 days (E-F) after the end of treatments. Data are 
expressed as a percentage of Triton X-100 (TX) and CRL, which represent, respectively, the maximum cell cytotoxicity and cell viability. Values represent the mean ±
SD of at least four experiments performed in duplicate. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. CRL (one-way ANOVA followed by Dunnett's test).
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safety and tolerability following 24 h of treatment with EA and Gal-LP- 
EA in the presence of 250 nM of doxorubicin, we cultured glial cells for 
an additional 4 days after a medium change, performing the LDH assay 
on the 5th day of culture. As shown in Fig. 3E, after 5 days of culture, 
doxorubicin alone or in the presence of EA and EA-loaded liposomes did 
not induce significant cytotoxicity compared to the control. In cell 
viability assays performed using the MTT method, significant differ
ences were observed between cells treated with EA (p = 0.0226 vs CRL) 
and Gal-LP-EA (p = 0.0045 vs CRL) at the concentration of 25 μg/mL 
relative to CRL cells (Fig. 3B), for this reason in the subsequent experi
ments we selected the dose of 5 and 10 μg/mL of EA and liposomes. 
Furthermore, we observed significant differences between cells treated 
with doxorubicin plus EA (p = 0.0189 vs CRL) and Gal-LP-EA 
(p = 0.0260 vs CRL) at the concentration of 10 μg/mL relative to CRL 
cells at 5 days (Fig. 3F).

3.5.2. EA and gal-LP-EA are able to reduce the senescent phenotype 
induced by doxorubicin acting on SIRT1/p53/p21 pathway in mixed glial 
cells

To evaluate the ability of doxorubicin to induce senescence and the 
capacity of EA and Gal-LP-EA to counteract the doxorubicin-induced 
senescent phenotype, this study utilized glial cells exposed to doxoru
bicin for 24 h as an in vitro model. Doxorubicin, a chemotherapeutic 
agent widely used in cancer treatment, is able to intercalate into DNA 
strands, inhibit DNA and RNA synthesis, and generate reactive oxygen 
species (ROS) leading to significant DNA damage. Consequently, it in
duces the upregulation of cell cycle inhibitors such as p21, a key player 
in halting cell proliferation and triggering the cellular senescence [37,
71,72]. Based on these considerations, we analysed the effects of EA and 
Gal-LP-EA in glial cells exposed to 250 nM doxorubicin for 24 h by 
RT-qPCR. Evidence of doxorubicin-induced senescence has been widely 
reported in the literature. For instance, Marques and colleagues reported 
that 72 h of exposure to 250 nM doxorubicin was able to induce senes
cence in primary rat astrocytes by acting on several key markers, as 
confirmed by the elevated β-galactosidase activity, decreased lamin B1 
staining and expression, as well as increased p21 levels and expression 
[37]. Similarly, the senescent phenotype was induced in human-derived 
primary skin fibroblast cells (using 250 nM doxorubicin for 24 h) [9], in 
the hepatocellular carcinoma cell line HuH-7 (100 nM for 48 h) [7], and 

in both the HL-1 cardiac muscle cell line and human AC16 cardiomyo
blasts (100 nM for 24 h) [5].

Fig. 4 shows that, in mixed glial cells, 250 nM doxorubicin for 24 
induced a significant increase in mRNA expression levels of the senes
cence markers p53 (Fig. 4A; p = 0.0213 vs CRL) and p21 (Fig. 4B; 
p = 0.0001 vs CRL) and a decrease of SIRT1 (Fig. 4C), compared to 
control. When present in the incubation medium EA was partially able to 
revert the increased mRNA expression levels of p53 (p = 0.6711 and 
p = 0.6137 vs doxorubicin) and p21 (p = 0.5698 and p = 0.0803 vs 
doxorubicin) and the decreased mRNA levels of SIRT1 induced by 24 h 
of 250 nM of doxorubicin. Moreover, Gal-LP-EA was able to induce a 
significant decrease of the doxorubicin-increased mRNA expression 
levels of p53 (at 10 μg/mL; p = 0.0398 vs doxorubicin) and p21 (at both 
doses tested; p = 0.0179 and p = 0.0071 vs doxorubicin) and was 
partially able to increase the decreased SIRT1(p > 0.9999 and 
p = 0.9982 vs doxorubicin) mRNA levels induced by doxorubicin.

3.5.3. Effects of EA and gal-LP-EA on the DNA damage response and the 
reduced proliferation induced by doxorubicin in mixed cortical glial cells

Cellular senescence is characterized by stable cell cycle arrest, nu
clear enlargement, decreased proliferation, and the acquisition of 
distinct morphological and molecular features in various cell types, 
including primary rat and human astrocytes [37,73].

To assess the senescent phenotype in mixed cortical glial cells 
induced by doxorubicin and the possible effects of EA and Gal-LP-EA, we 
also used western blotting to investigate the expression of γ-H2AX, as a 
marker of double-strand DNA breaks [74] and the expression of Ki67 as 
a marker of cellular proliferation, which is progressively expressed 
during the S phase of the cell cycle (replication phase) [75] in our in vitro 
model of senescence. Based on the RT-qPCR results, we selected the 
concentration of 10 μg/mL of EA and Gal-LP-EA as better to evaluate 
their effects on protein expression. As shown on Figs. 2 and 54 h of 
250 nM doxorubicin induced a significant reduction of Ki67 (Fig. 5A and 
B; p = 0.0009 vs CRL) and a significant increase of the expression of 
γ-H2AX (Fig. 5C and D; p < 0.0001 vs CRL). As reported in the literature, 
senescent cells are characterized by accumulation of DNA damage and 
cycle arrest [74,76–78]. When present in the incubation medium EA 
(p = 0.4036 vs doxorubicin) and Gal-LP-EA (p = 0.0574 vs doxorubicin) 
were able to increase the decreased levels of Ki67 induced by 

Fig. 4. The mRNA levels of p53, p21 and SIRT1 in mixed glial cells exposed to doxorubicin alone or in the presence of EA and Gal-LP-EA. EA was partially able to 
revert the increase in mRNA expression levels of p53 (A) and p21 (B) and the decreased mRNA levels of SIRT1 (C) induced by doxorubicin. Gal-LP-EA induced a 
significant decrease of the doxorubicin-increased mRNA levels of p53 (A) and p21 (B) and partially increased the decreased SIRT1 (C) mRNA levels induced by 
doxorubicin. Bars represent the mean ± SD from at least four independent experiments from different glia cells preparations and each dot is the pool of two wells. *p 
< 0.05, **p < 0.01 and ***p < 0.001 vs. CRL; #p < 0.05 and ##p < 0.01 vs doxorubicin (ANOVA + Tukey's w test).
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doxorubicin (Fig. 5A and B). Moreover, EA (p = 0.0002 vs doxorubicin) 
and Gal-LP-EA (p < 0.0001 vs doxorubicin) significantly reverted the 
increased levels of γ-H2AX induced by doxorubicin. This effect is more 
significant for the Gal-LP-EA compared to EA (Fig. 5C and D). In this 
study we observed marker changes (p53, p21, SIRT1, γ-H2AX) without 

demonstrating causal pathways, but in the literature is well reported 
that SIRT1 down-regulation, p53 hyperacetylation/activation, p21 in
duction, and γ-H2AX accumulation as a canonical driver of cellular 
senescence and DNA damage responses [79].

Fig. 5. The effects of EA and Gal-LP-EA on senescence markers in mixed glial cells exposed to doxorubicin. Cells were exposed to 250 nM doxorubicin for 24 h and 
then processed for WB. The compounds were present in the incubation medium during doxorubicin exposure. Representative blots for Ki67 (A) and γ-H2AX (C) or 
β-actin. (A, C) The quantitative analysis of immunoreactive bands showing that EA and Gal-LP-EA were partially able to revert the decreased levels of Ki67 induced 
by doxorubicin (B). Moreover, EA and Gal-LP-EA induced a significant decrease of the increased levels of γ-H2AX induced by doxorubicin (D). Bars represent the 
mean ± SD from six independent experiments from different glia cell preparations, and each dot is the pool of two wells. *p < 0.05 and ***p < 0.001 vs. CRL; ###p 
< 0.001 vs doxorubicin (ANOVA + Tukey's w test).

Fig. 6. Effects of EA and Gal-LP-EA on the SA-β-gal induced by 24 h doxorubicin in mixed glial cells. (A) Representative bright-field images of SA-β-gal staining in 
mixed glial cultures exposed to 250 nM doxorubicin for 24 h in the absence or presence of EA or Gal-LP-EA. SA-β-gal activity was evaluated immediately after 
treatment (24 h) and four days after doxorubicin exposure (five days). The SA-β-gal staining showed increased enzymatic activity in doxorubicin-treated glial cells 
compared to control. EA and Gal-LP-EA were able to reduce the increased SA-β-gal activity induced by 24 h doxorubicin exposure. Scale bar = 100 μm. (B) 
Quantification of SA-β-gal-positive cells evaluated four days after doxorubicin exposure (five days) and expressed as the percentage of positive cells relative to the 
total number of cells. Doxorubicin significantly increased cellular senescence compared with control cultures, whereas EA and Gal-LP-EA significantly reduced the 
proportion of SA-β-gal-positive cells. Bars represent the mean ± SD of at least twelve field per condition from four independent experiments from different glial cells 
preparations. Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple-comparisons test. * *p < 0.01 and ***p < 0.001 vs. CRL; 
####p < 0.0001 vs doxorubicin.
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3.5.4. EA and gal-LP-EA reduce the elevated SA-β-gal levels induced by 
doxorubicin exposure in mixed glial cells

It is well established in the literature that senescence is a state of 
stable growth arrest accompanied by a hypersecretory and proin
flammatory phenotype, recognized as the senescence-associated secre
tory phenotype (SASP) [77]. This stasis in cell cycle progression is 
accompanied by discernible shifts in cellular morphology and archi
tecture, along with key cellular and molecular changes, including 
increased β-galactosidase activity, commonly used as a 
senescence-associated marker (SA-β-gal) [78]. Indeed, as reported in 
Marques and colleagues, immortalized rat microglial CHME-5 cells 
exposed to doxorubicin for 48 h showed an increase staining of the 
senescence-associated β-galactosidase SA-β-gal [36]. In the present 
study, SA-β-gal activity and the potential protective effects of EA and 
Gal-LP-EA were assessed in our in vitro model of mixed cortical glial cells 
using a Senescence β-Galactosidase Staining Kit. Furthermore, SA-β-gal 
activity was evaluated 5 days post-exposure to doxorubicin (24 h), both 
alone and in combination with EA or Gal-LP-EA.

Representative images of SA-β-gal staining are shown in Fig. 6A. 
Exposure of mixed cortical glial cultures to doxorubicin markedly 
increased the number of SA-β-gal-positive cells compared with un
treated controls, both immediately after treatment (24 h) and four days 
after exposure, indicating the induction and persistence of a senescent 
phenotype. Furthermore, when present in the incubation medium, EA or 
Gal-LP-EA reduced the abundance of SA-β-gal-positive cells, as evi
denced by the lower intensity and frequency of blue staining.

Quantitative analysis confirmed these observations (Fig. 6B). Doxo
rubicin significantly increased the percentage of SA-β-gal-positive cells 
compared with control cultures. Both EA and Gal-LP-EA significantly 
attenuated the doxorubicin-induced increase in SA-β-gal activity.

The present findings provide further evidence that EA and Gal-LP-EA 
mitigate doxorubicin-induced cellular senescence in mixed glial cul
tures. Doxorubicin exposure induced a marked increase in SA-β-gal ac
tivity, consistent with previous reports describing the ability of 
anthracyclines to trigger a senescence-like phenotype in glial cells. 
Importantly, both EA and Gal-LP-EA significantly reduced the propor
tion of SA-β-gal-positive cells, indicating attenuation of the senescent 
phenotype.

3.5.5. Cellular uptake
The Gal-LP-6C formulation used for uptake studies was first 

characterized physico-chemically, exhibiting a mean diameter of 
165.8 ± 0.09 nm, a PDI of 0.43 ± 0.02, a surface charge of 
− 7.85 ± 0.06 mV, and a high encapsulation efficiency (98.23 ± 1.69%). 
Cellular uptake studies were then performed to evaluate if the formu
lation enhanced EA permeation into glial cells. Mixed glial cells were 
exposed for 1 h to either Gal-LP-6C loaded with 0.2 mg/mL of 6C 
(diluted 1:40 in culture medium) or a saturated solution of free 6C. 
Nuclei were counterstained blue with DAPI. Fig. 7 displays both quali
tative fluorescence microscopy images and the corresponding quanti
tative analysis of fluorescence intensity after 1 h of incubation. While 
both free 6C and the liposomes successfully penetrated the cells, glial 
cells treated with Gal-LP-6C exhibited significantly higher fluorescence 
intensity than those treated with free 6C (p = 0.0028 vs 6C). Notably, 
the liposomal formulation induced an approximately 2-fold increase in 
fluorescence intensity compared to the free probe.

4. Conclusions

Galactose-modified liposomes have been optimized for the delivery 
of EA and to improve its therapeutic efficacy in counteracting 
doxorubicin-induced senescence in mixed primary glial cells.

The strategy leverages the overexpression of the enzyme β-galacto
sidase (β-gal) in senescent cells, utilizing liposomes functionalized with 
galactosylceramide to ensure selective recognition and processing by 
target cells.

In vitro characterization demonstrated that this nanocarrier 
enhanced the aqueous solubility of EA, exhibited excellent stability, and 
achieved a sustained release profile. Furthermore, Gal-LP-EA improved 
the permeability of EA in the BBB-PAMPA assay.

Using a preclinical in vitro model of chemotherapy-induced senes
cence both EA and Gal-LP-EA demonstrated the capacity to counteract 
the senescent phenotype. Specifically, Gal-LP-EA counteracted the 
doxorubicin-induced downregulation of Ki67, significantly attenuated 
γ-H2AX levels, and reduced SA-β-gal activity. Despite all the limitations 
of the in vitro model of mixed glial cells, the results of this multidisci
plinary study highlight the potential of Gal-coated liposomes as novel 
delivery strategy for mitigating senescence processes. Integrating EA's 
pharmacological potential with galactosyl-functionalized nanocarriers 
could represent a promising approach for the selective clearance of se
nescent cells in the age-related diseases.

Fig. 7. Cellular uptake of 6C and Gal-LP-6C by mixed glial cells after 1 h incubation at 37 ◦C. (A) Qualitative images of nuclei stained with DAPI (blue), 6-C (green) 
and their merge. Scale bar: 50 μm. (B) Quantitative analysis of cellular uptake showed that the formulation Gal-LP-6C increased significantly the fluorescence in
tensity compared to free 6C. Fluorescence intensity of 6C (Ex/Em: 485/524) was normalized to cell number. Bars represent the mean ± SD of eight field per condition 
from four independent experiments from different glial cells preparations. **p < 0.01 vs 6C (Student's t-test). (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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