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Mechanistic insights into
cadmium-related premature
aging in Drosophila model

Maria Dolores De Donno, Ester Mercuri, Barbara Balena,
Francesco Zangaro, Maria Pia Bozzetti* and Valeria Specchia*

Department of Biological and Environmental Sciences and Technologies, University of Salento, Lecce,
[taly

The intricate and multifaceted relationship between environmental pollutants,
particularly heavy metals such as cadmium, and human health has been extensively
documented, with a significant focus on their neurotoxic effects. Notably, the
connection between cadmium exposure and Alzheimer’s disease is becoming
increasingly evident, prompting a deeper investigation into the underlying
mechanisms at play. Despite the growing body of evidence linking cadmium to
neurodegeneration and although harmful molecular activities of cadmium in cells
have been demonstrated, the precise molecular mechanism induced by this toxic
metal within neuronal cells remains largely enigmatic. This study aims to shed light
on these mechanistic processes by utilizing Drosophila melanogaster, a widely
recognized model organism in neurogenetics, as our experimental framework.
Through a carefully designed approach, we simulated chronic exposure to cadmium,
which allowed us to observe the resulting effects on the flies over time. Our
findings revealed that chronic cadmium exposure led to premature aging in flies,
characterized by neurodegeneration and an exacerbation of complex neurological
phenotypes. Notably, these included significant impairments in learning and memory,
which are critical cognitive functions often compromised in neurodegenerative
conditions. With the aim of exploring the mechanistic underpinnings of these
observations, we determined that cadmium impairs RNP formation and could
disrupt the delicate process of liquid—liquid phase separation within neuronal
cells. This disruption appears to play a pivotal role in initiating the cascade of
events that contribute to neurodegeneration. Liquid-liquid phase separation is
essential for the proper organization of cellular components and the maintenance
of neuronal health; thus, cadmium’s interference in this process may provide a
crucial insight into its neurotoxic effects.

KEYWORDS

Drosophila melanogaster, cadmium, aging, neurodegeneration, cognitive
impairments, LLPS

1 Introduction

1.1 Environmental contaminants and human health: a
focus on cadmium

The relationship between environment and human health is established and multifaceted.
Environmental factors such as air and water quality, chemical exposures, and climate change
have profound impacts on human health. Poor environmental conditions can lead to a
variety of health issues, including neurodegenerative diseases, respiratory and cardiovascular
problems, weakened immune systems (Shetty et al, 2023). Chemicals found in the
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environment, such as pesticides and heavy metals, can have serious
effects on human health. Among them, cadmium is a toxic heavy
metal commonly found in the environment, particularly in industrial
areas and as a contaminant in food products. It has garnered
significant attention due to its potential neurotoxic effects on
humans (Genchi et al., 2020). Cadmium exposure has also been
associated with neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS) (Min and Min, 2016; Viaene et al., 2000; Raj
etal., 2021).

The molecular mechanisms by which cadmium affects neurons
are complex and not completely understood. Understanding these
molecular mechanisms, specifically the pathways involved in the
early timing of exposure to cadmium, is crucial for developing
strategies to mitigate its effects on human health and for establishing
regulatory policies to limit exposure to this harmful substance. This
aspect is even more important for neurodegenerative and
age-related diseases that affect a very large number of people (Hou
etal., 2019).

1.2 The importance of model organisms to
study the effects of cadmium: a focus on
Drosophila

In this context, animal model organisms play a crucial role in
understanding the molecular pathways involved in physiological aging
and neurodegenerative diseases, and accordingly in determining how
neurons respond to the uptake of chemical pollutants (Ali et al., 2021;
Yang et al., 2022). Thanks to its short lifespan, Drosophila melanogaster
serves as an excellent model for studying the molecular pathways
underlying the physiological processes of aging, as well as human
age-related and neurodegenerative diseases. Lifespan measurement is
a fundamental method for assessing the effects of both genetic and
non-genetic factors involved in aging. In addition, in Drosophila
melanogaster, age-related decline is observed in neural functions,
including learning and memory loss, and diminished olfactory
capabilities (Iliadi and Boulianne, 2010; Kanellopoulos et al., 2012;
Haddadi et al., 2014; Nitta and Sugie, 2022). At the same time,
Drosophila’s relatively simple nervous system, combined with
sophisticated genetic tools, allows researchers to dissect the molecular
and cellular mechanisms underlying neurodevelopment,
neurodegeneration and neurodegenerative diseases (Lu and Vogel,
2009; Kosmidis et al., 2011; Bozzetti et al., 2015), opening the
importance to use this model to study the effects of cadmium
on neurodegeneration.

Regarding the studies conducted so far with cadmium in Drosophila,
a recent study has focused primarily on fertility issues. A cadmium
dose-dependent decline in fecundity in the parental generation was
observed, linked to oxidative stress and disrupted ion transport affecting
follicle development. Transcriptome analysis identified early molecular
responses involving the Wnt and mTOR signaling pathways. Notably,
detrimental effects persisted for two to three generations after cadmium
removal, with epigenetic modulation of Dnmt2 influencing fecundity
across generations (Pan et al.,, 2025). Another study investigated the
impact of cadmium exposure on the growth, development, activity,
sleep, and ferroptosis in Drosophila. Exposure to cadmium prolonged
development, reduced pupation and eclosion rates, decreased body
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weight and size, and increased mortality. It also altered behavior,
decreasing activity and increasing sleep (Hu et al., 2023).

1.3 Stress sensor pathways activated by
cadmium: an overview

The Stress-Activated Protein Kinase (SAPK) pathway, a component
of the broader MAPK family, is activated in response to various stress
stimuli and acts as key mediators in cellular responses to stress and
damage. The SAPK pathway is highly conserved evolutionarily,
highlighting its importance in cellular stress responses across species
(Kobayashi et al., 2001; Nishina et al., 2004; Du et al., 2025). This
pathway plays a significant role in regulating processes such as apoptosis
and inflammation (Kyriakis and Avruch, 2001; Hu et al., 2025).

SAPK kinase is an upstream activator of cJUNK and p38 MAP
kinase in the signaling cascade that transmits stress signals within the
cell. Activated p38 proceeds to phosphorylate a variety of downstream
substrates, including transcription factors, enzymes, and other proteins,
thereby mediating cellular responses to stress, such as inflammation
and apoptosis.

In Drosophila melanogaster, this pathway has been studied to
understand its role in stress response and organismal survival. The
activation of the Drosophila SAPK pathway modulates stress tolerance
and influences lifespan under challenging conditions (Kobayashi et al.,
2001; Sakakibara et al., 2023). Cadmium exposure activates the SAPK
pathways in mammalian cells, contributing to apoptosis and
inflammatory responses (Jung et al, 2008). In Saccharomyces
cerevisiae, cadmium exposure triggers stress responses involving
MAPK pathways, particularly the Hogl pathway, which is analogous
to the p38 pathway (Du et al., 2025).

In the mouse model, exposure to cadmium activates SAPK
pathway and exacerbates neurodegeneration (Ali et al., 2021).

Overall, SAPK pathway precise regulation is vital for maintaining
cellular homeostasis and preventing pathological conditions such as
neurodegeneration (Ferrer et al., 2001; Ali et al., 2021).

1.4 The role of ribonucleoprotein
aggregates and liquid—liquid phase
separation process in neurodegeneration

A clear link has been established between accumulation of
aberrant ribonucleoprotein (RNP) aggregates and progression of
aging-related neurodegenerative diseases. In a healthy nervous system,
dynamic RNP granules have been observed, exhibiting both unique
and overlapping compositions. In neurodegenerative diseases like
Frontotemporal Degeneration (FTD) and Amyotrophic Lateral
Sclerosis (ALS), the accumulation of static RNP aggregates with
abnormal composition appear. These pathological aggregates are
thought to sequester RNA-binding proteins (RBPs), potentially
contributing to disease progression (Pushpalatha et al., 2022).

In Drosophila, upon physiological aging, cytoplasmic RNP
components progressively condense into large yet dynamic granules
in neurons. Age-related changes in RNP granules are linked to the
translational repression of mRNAs recruited to these structures,
suggesting a suppressive role for neuronal RNP granules (Pushpalatha
etal., 2022).

frontiersin.org


https://doi.org/10.3389/fnins.2025.1605687
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

De Donno et al.

RNA-binding proteins and RNAs dynamically condense into RNP
granules through the liquid-liquid phase separation (LLPS) process
(Shin and Brangwynne, 2017). Numerous studies highlight that LLPS
is a driven process that occurs spontaneously due to changes in
molecules concentration and intermolecular interactions (Falahati
and Haji-Akbari, 2019). LLPS is critical for organizing cellular
components and facilitating efficient biochemical reactions (Gomes
and Shorter, 2019). Under normal conditions, LLPS allows these
granules to remain highly dynamic, with continuous exchange of their
molecular components. However, when LLPS is dysregulated, it can
lead to the formation of aberrant, less dynamic aggregates (Zbinden
etal,, 2020; Wang et al., 2021).

Furthermore, LLPS plays a pivotal role in the misfolding and
aggregation of proteins, particularly tau and amyloid-beta, in Alzheimer’s
disease (AD). Dysregulated LLPS contributes to the pathological
hallmarks of AD by promoting the transition from liquid-like condensates
to insoluble aggregates (Wegmann et al., 2018; Fu et al., 2024).

In this research, we used the Drosophila model to investigate the
molecular effects of chronic exposure to cadmium on the brain
unveiling an intriguing molecular mechanism that may be based on
the liquid-liquid phase separation process.

2 Methods
2.1 Flies stocks

In this study the following strains of Drosophila are used: Oregon-R
wild type strain as control; moody-GAL4 strain (BDSC 90883) crossed
with UAS-mCD8: GFP strain (BDSC 64305); Imp-EGFP strain (BDSC
60237). Flies are reared in plastic vials containing standard cornmeal
agar medium at 25°C and exposed to a 12:12 h light-dark cycle.

2.2 Treatment with cadmium in the diet

To test the cadmium toxicity on Drosophila melanogaster, we
prepared three cadmium chloride solutions at concentration of:
0.05 mM, 0.1 mM and 0.5 mM. To administrate the cadmium to the
flies, we inserted a paper impregnated with 2 ml of each cadmium
concentration into the culture tubes.

We counted the number of dead flies after 15 days and we obtained
50% mortality at day 15 (LCse) with the 0.1 mM concentration.
We studied the effect of cadmium on flies putting the flies directly
after their eclosion on the cadmium medium.

2.3 Measurement of lifespan in Drosophila
melanogaster

100 flies (50 males and 50 females), control and treated with 0.1
mM cadmium concentration are used for lifespan measurement.
During the experimental period, flies are transferred onto new vials
containing fresh food every 2 days and the number of dead flies is
recorded, until the last survivor is dead. The data are entered and
analysed on Excel to create the survivorship curve.
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2.4 Learning and memory assay or
behavioral experiments

In our test we use a T-maze trial based on the Pavlov Studies
(Tully and Quinn, 1985). T-maze system consists of two
chambers, a dark one and a light one separated by a sliding plate.
Physiologically, flies move from dark to light, but in the
experiment, the light is associated with a negative stimulus, 0.1 M
Quinine solution.

For the experiment flies positive for phototaxis are selected and
used for the test. During the test, flies are left in the dark for 307, to
allow acclimatization. After this time, the light is turned on and the
plate separating the two chambers is opened. The flies enter the light
chamber and walk for about 30” on the filter paper containing the
quinine. The learning steps are repeated four times and the number of
flies that go toward the light is counted. To analyze the memory, the
flies are left for 5 h at 25°C, after that they are re-tested.

2.5 Total RNA extraction

Total RNA is extracted from adult heads (25 males and
females flies for each extraction) using an RNAqueous™-Micro
Total RNA Isolation Kit (Invitrogen, Waltham, MA, USA) and
following the manufacturer’s protocol. To remove all the DNA in
the preparation, samples are incubated with DNase I RNase free
at 37°C for 20 min; after treatment, DNase is inactivated using
the DNase Inactivation Reagent from the kit.

2.6 cDNA synthesis from total RNA

For first-strand cDNA synthesis, up to 5 micrograms of total
RNA is used as a template for oligonucleotide dT(20) primed reverse
transcription using the SuperScript III First-Strand Synthesis System
Waltham, MA, USA)
manufacturer’s instructions.

(Invitrogen, according to the

2.7 Quantitative real-time PCR

Real-time PCR is performed with the StepOne Real-Time PCR
(Applied Biosystems, Invitrogen, Waltham, MA, USA) system.
Expression of genes is determined by real-time PCR using PowerUp™
SYBR™ Green Master Mix (Applied Biosystems, Invitrogen,
Waltham, MA, USA) according to the manufacturer’s protocol. For
quantification of the transcripts, we used the 2DDct method (Livak
and Schmittgen, 2001) with rp49 transcripts as control. All primers
are listed in Supplementary Table S1.

2.8 Statistical analysis

For comparisons between two measurements, a two-tailed
Student’s ¢-test is used to show statistical significance. The significance
threshold is set as follows: *p < 0.05, **p < 0.01 and ***p < 0.001.
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2.9 Immunostaining and confocal
microscopy

Drosophila brains are dissected in phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde solution for 20 min, followed
by three washes in PBS with 0.3% Triton X-100 (PBST) for 15 min.
The tissues are blocked with 5% of Normal Goat Serum (NGS) for
60 min and incubated with primary antibody anti-GFP (rabbit
polyclonal, NB600-308, Novus Biologicals, Littleton, CO, USA; 1:200)
overnight at 4°C. The day after, tissues are washed three times with
0.3% PBST for 15 min and blocked with 5% NGS for 60 min. Tissues
are incubated with 1:500 FITC-conjugated anti-rabbit-IgG antibody
(Jackson) for 120 min and then are washed three times with 0,3%
PBST for 15 min. At the end the tissues are mounted on a slide with
SlowFade™ Diamond Antifade Mountant with DAPI (Thermofisher
Scientific) according to the manufacturer’s instructions. Samples are
examined and images are captured using a laser-scanning confocal
microscope (Zeiss LSM 700).

2.10 Apoptosis detection by TUNEL assay

Drosophila melanogaster dissected brains are used as targets for
TUNEL reaction. The TUNEL assay is performed using the TUNEL
Assay Kit (Fluorescence, 488 nm) (Cell Signaling Technology) and
following the manufacturer’s protocol. Samples are examined and

10.3389/fnins.2025.1605687

images are captured using a laser-scanning confocal microscope
(Zeiss LSM 700).

3 Results

3.1 Learning and memory impairment in
cadmium-treated flies

To determine if Drosophila is an effective model for studying the
relationship between cadmium and neurodegeneration, we examined
whether exposure to this metal leads to the development of complex
neurological phenotypes. First of all, we verified the toxicity of
cadmium using three different concentrations of cadmium chloride,
0.5 mM, 0.1 mM, and 0.05 mM. For each concentration, we assessed
the effects by monitoring the survival rate of flies. With the aim to
simulate chronic cadmium exposure and evaluate its impact on
neurodegeneration and aging, we selected the 0.1 mM concentration
because it resulted in approximately 50% mortality at 15 days, allowing
us to model chronic exposure while maintaining a sufficient number
of surviving flies, although the lifespan has been found to be shortened
compared to untreated control flies (Figure 1).

Wild type flies that were treated in their diet with cadmium 0.1 mM
after their eclosion for 7, 14, and 21 days of age were assessed for their
learning and memory capacity by using a taste aversion assay. Hundred
flies, cadmium-treated and exhibiting positive phototaxis, were divided

Lifespan
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80
70
60

50

Survival %

40

30

20
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20 25
Age (Days)

FIGURE 1

Survival curve of control strain (blue line) and cadmium-treated flies (orange line). In the control group, a gradual population decline is observed in
40 days. In contrast, the cadmium-treated group exhibited a more rapid decline in survival: after 15 days, the cadmium-treated group was halved and
by day 30, all individuals in this group died, indicating a drastic reduction in lifespan compared to the control group.
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into five groups and tested. Hundred control flies, exhibiting positive
phototaxis, were also divided into five groups for testing. For each
group, flies were trained iteratively for a series of times (tests 1-4) to
evaluate their ability to associate light with a negative stimulus
represented by a quinine solution 0.1 M which has a bitter taste and that
inhibits phototaxis. Specifically, 14 day-old cadmium-treated flies
displayed cognitive defects compared to untreated normal 14 day-old
flies, with a significant reduction in learning (Figures 2, 3).

In addition, memory abilities are significantly reduced in 14 day-old
cadmium-treated flies compared to untreated normal 14 day-old flies
(Figure 4). Therefore, cadmium appears to cause premature aging in
flies because it has been well established that aging significantly impacts
cognitive processes, leading to declines in both learning abilities and
memory retention (Kandel, 2001; Murman, 2015).

3.2 Activation of molecular markers of
stress in the brains of cadmium-treated
flies

To investigate if the stress sensor pathways are activated after
cadmium treatment, we examined the mRNA expression levels of

10.3389/fnins.2025.1605687

genes downstream of SAPK, JNK and NF-kB, JNK, and SAPK
pathways in heads of 14 day-old flies treated with cadmium after
eclosion against age-matched control by qRT-PCR (Figure 5).

We obtained that the JNK/SAPK signaling pathway is strongly
activated in cadmium stressed brains, especially Toll-9, p38b and
Cyp4p3. The mRNA expression levels of Toll-related genes is elevated
in treated fly heads, and the genes downstream of JNK (Thor) and
SAPK (TotM, p38b, GstE5, Cyp4p3, GstD2) pathways are upregulated
in treated fly heads. Overall, the results indicate that cadmium
activated stress sensor and signaling pathways in the brains
of Drosophila.

3.3 Cellular markers of neuronal death
appear in cadmium-treated flies

To determine the relationship between cognitive defects induced
by cadmium and neurodegeneration processes,

we conducted a comparative analysis of brain tissue from individuals

exposure

treated with cadmium at 7, 10, and 14 days of age against age-matched
control groups. This analysis focused on identifying the presence of
cell death markers, such as apoptosis and necrosis, in the brain tissue
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% %k
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w IS (6)]

o
N

s

FIGURE 2

Learning Assay Results

14 days old

Learning Assay Results in individuals of Drosophila melanogaster control strain (blue) and cadmium-fed flies (orange). Specifically, for learning assays,
values represent mean + SD of n = 5 groups (total ~ 100 flies). For each group, flies positive to phototaxis were trained four times for the ability to
associate light with the negative stimulus that inhibits phototaxis. For treated and control flies, the fractions of individuals positive (unlearned) and
negative (learned) to phototaxis at the last training were calculated *p < 0.05, **p < 0.01, and ***p < 0.001 by Student's t-test.
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flies, the difference between fractions of individuals positive (unlearned) and negative (learned) to phototaxis were calculated for each test (1-4).
***p < 0.001 by ANOVA test which revealed a highly significant difference across the four training sessions in the treated groups compared to the
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samples. We employed TUNEL staining to visualize and quantify cell
death. Statistical analyses were carried out to evaluate the significance
of differences observed between cadmium-treated groups and controls
(Figures 6, 7).

In the control group, a gradual increase in TUNEL signals is
observed over time; in contrast, in the cadmium-treated group,
high TUNEL signals were already detected at 7 days and further
increased at 10 days (Supplementary Figure S1). By 14 days, a
complete decline in cell death signals is observed. In summary, cell
death begins after 7 days in cadmium-treated flies, reaching its
maximum at 10 days, which could be correlated with a subsequent
decline in Drosophila behavioral abilities, as observed at 14 days
through learning and memory tests, along with the activation of
the JNK/SAPK pathway.

Our findings aimed to elucidate the extent to which cadmium
exposure correlates with neurodegenerative changes and,
consequently, cognitive impairments in the affected individuals. By
correlating the level of cell death with cognitive performance metrics
from behavioral assessments, we aimed to establish a clearer link
between neurodegeneration processes and cognitive defects associated

with cadmium treatment.
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3.4 The blood—brain barrier maintains its
integrity in the brains of cadmium-treated
flies

Since cadmium can cause a variety of issues in Drosophila
melanogaster, it is important to investigate the mechanisms by which this
heavy metal acts within the nervous system, starting with its ability to
reach the brain of Drosophila and affect its functions. We verified the
integrity of the blood-brain barrier in Drosophila melanogaster to
understand the role of cadmium, specifically whether it can alter the
barrier’s integrity or if it simply crosses the barrier. We use the UAS-GAL4
system to generate a line capable of expressing GFP within the cells of the
blood-brain barrier (BBB). The moody-GAL4 driver line was crossed with
the UAS-mCD8: GFP responder line, and the 14 days-old progeny brains
are used for immunostaining experiments with an antibody anti-GFP
(Novus, NB600-308) and with DAPI (Figure 8).

From this analysis, it appears that cadmium does not alter the
integrity of the BBB, and it might cross it without any issues. It can
enter the brain through transport mechanisms such as those used for
other metal ions or by directly interacting with receptors and
transporters in the BBB.
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FIGURE 4

Memory Assay Results in individuals of Drosophila melanogaster control strain (blue), and cadmium-fed flies (orange). For short-term memory assays,
values represent mean + SD of an n = 5 groups. Single groups of trained flies were left for 5 h at 25°C and re-tested. The fractions of individuals
positive (memory-defective) and negative (memorizing) to phototaxis were calculated *p < 0.05, **p < 0.01, and ***p < 0.001 by Student's t-test.
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3.5 Neuronal RNP component prematurely
condenses in cadmium-treated flies

To investigate the molecular mechanism triggered by the entry of
cadmium into the neuron, we have tested the intriguing hypothesis of
a role for cadmium in influencing the liquid-liquid phase separation
process. Specifically, the liquid-liquid phase separation mechanism
drives the formation of ribonucleoprotein (RNP) complexes in
neurons. Additionally, it has been observed that pathological
conditions, such as neurodegenerative diseases, can disrupt the
normal phase separation of RNPs, leading to the formation of
aggregates that may contribute to cellular dysfunction (Alberti
etal., 2019).

To analyze the RNPs organization in neurons of cadmium-treated
flies, we have observed the behavior of the RNA binding protein Imp.
In Drosophila young brains, Imp accumulates into numerous small
punctate structures and an increased condensation of Imp into large
granules is observed in aged brains (Pushpalatha et al, 2022).
We analyzed the level of Imp protein condensation in the brains of
7 days-old Drosophila melanogaster Imp-EGFP strain treated with
cadmium, comparing them to untreated Imp-EGFP strain (Figure 9).

Frontiers in Neuroscience

We observed that Imp protein accumulates into condensates in
the brains of cadmium treated flies as early as 7 days of age, compared
to the control.

4 Discussion and conclusion

Cadmium is known to disrupt cellular functions and induce
neurotoxicity in different organisms and through various pathways.
Understanding the molecular mechanisms by which cadmium affects
neurons can help to identify potential therapeutic targets to counteract
Drosophila  brain,
we highlighted that cadmium affects cellular stress responses inducing

cadmium-induced neurotoxicity. In the

neurodegeneration to the point of determining the alteration of
complex neurological phenotypes.

With the aim of clarifying the molecular mechanisms underlying
cadmium-induced neurodegeneration, we focused on the involvement
of cadmium in influencing liquid-liquid phase separation (LLPS) in
neurons. LLPS is a mechanism that enables RNA-binding proteins and
RNAs to dynamically condense into membrane-less droplets. LLPS can
be influenced by ionic concentrations within the cytoplasm. The ionic
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FIGURE 5
The mRNA expression levels of SAPK pathway genes in 14 days-old cadmium-treated fly heads vs. control
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FIGURE 6
Confocal analysis of Drosophila melanogaster brain section of 7 days-old flies treated with cadmium (right) against control (left) using Tunel Assay Kit
(green) and DAPI (blue). White arrows indicate Tunel positive nuclei. Magnification 40X

environment can affect the interactions between biomolecules,  stabilize or destabilize interactions that lead to LLPS, ultimately
including proteins and RNA, thereby modulating their ability to  affecting the formation of membrane-less organelles and condensates.
undergo phase separation. High concentrations of certain ions can  For instance, research has shown that changes in ionic strength can
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FIGURE 8

CADMIUM-FED

Confocal analysis of BBB in 14 days-old flies of control moody-GAL4/UAS-mCD8: GFP strain (left) and of cadmium-fed moody-GAL4/UAS-mCD8:
GFP strain (right). Tissue stained with GFP (green) and DAPI (blue). Magnification 40X.

impact the phase behavior of proteins involved in LLPS (Patel
etal, 2017).

Among protein components of RNPs in Drosophila neurons,
we focused on Imp to analyze its localization under cadmium stress
conditions. Imp is a conserved RNA-associated protein known to
localize to RNP granules in vertebrate and invertebrate neurons. In

Frontiers in Neuroscience

Drosophila, RNP granules containing Imp have been identified in the
soma of Mushroom Body y neurons, a crucial neuronal population
for learning and memory processes (Vijayakumar et al., 2019;
Formicola et al., 2021). We observed that in young brains subjected
to cadmium treatment, the Imp protein accumulates in condensates
more than in the control and as expected for old brains.
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FIGURE 9

Confocal analysis of 7 days-old brains of Drosophila melanogaster Imp-EGFP untreated (left) and Imp-EGFP cadmium-treated plus magnified section
(right). In this strain Imp protein is tagged with GFP and brains are stained with anti-GFP (Novus, NB600-308). Magnification 63X.

CADMIUM-FED

Our mechanistic hypothesis is that cadmium influences
cytoplasmic ionic concentration, leading to an early or altered
formation of condensates through liquid-liquid phase separation,
triggering the activation of stress-related pathways that result in
apoptosis and neurodegeneration.

In addition, recent findings suggest that phase separation is involved
in the formation of chromatin domains, which can influence the
accessibility of transcriptional machinery to specific genes, thereby
regulating gene expression. Moreover, the interaction between liquid—
liquid phase separation (LLPS) and chromatin structure is evident in the
formation of heterochromatin (Strom et al., 2017). Our research opens
the possibility that cadmium may also influence chromatin structure
indirectly, contributing to neurodegeneration. In fact, the integrity and
function of heterochromatin are critical for maintaining neuronal health,
and disruptions in these processes are closely linked to the mechanisms
underlying neurodegeneration (Napoletano et al.,, 2021).

This work requires further investigation, particularly into human
cellular models, but it suggests that targeting the proteins involved in
RNPs or using molecules that negatively influence LLPS could provide
a pathway for targeted interventions to counteract the neurotoxic
effects of cadmium.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author/s.

Ethics statement

Ethical approval was not required for the study involving animals
in accordance with the local legislation and institutional

Frontiers in Neuroscience

requirements because it is not required for Drosophila

melanogaster research.

Author contributions

MD: Data curation, Investigation, Writing — review & editing,
Formal analysis, Writing — original draft. EM: Formal analysis, Data
curation, Writing — review & editing. BB: Data curation, Writing —
review & editing, Formal analysis. FZ: Writing - review & editing,
Formal analysis. MB: Conceptualization, Writing — review & editing,
Resources. VS: Methodology, Supervision, Writing - review & editing,
Funding acquisition, draft, Resources,

Writing - original

Conceptualization.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This research was
supported by the ex-60% fund from the Italian Ministry of
University and Research awarded to VS, by Funding of Basic
Research Activities (FFABR 2017) from the Italian Ministry of
University and Research (MUR) awarded to VS and by the project
“Dipartimenti di Eccellenza” awarded to DiSTeBA from the Italian
Ministry of University and Research and supporting Doctoral
fellowship to MD.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fnins.2025.1605687
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

De Donno et al.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and challenges in
studying liquid-liquid phase separation and biomolecular condensates. Cell 176,
419-434. doi: 10.1016/j.cell.2018.12.035

Ali, T.,, Khan, A., Alam, S. I., Ahmad, S., Ikram, M., Park, J. S., et al. (2021). Cadmium,
an environmental contaminant, exacerbates Alzheimer’s pathology in the aged mice’s
brain. Front. Aging Neurosci. 13:650930. doi: 10.3389/fnagi.2021.650930

Bozzetti, M. P, Specchia, V., Cattenoz, P. B,, Laneve, P, Geusa, A., Sahin, H. B, et al.
(2015). The Drosophila fragile X mental retardation protein participates in the piRNA
pathway. J. Cell Sci. 128, 2070-2084. doi: 10.1242/jcs.161810

Du, G., Zheng, K., Sun, C., Sun, M., Pan, J., Meng, D,, et al. (2025). The relationship
mammalian p38 with human health and its homolog Hog1 in response to environmental
stresses in Saccharomyces cerevisiae. Front. Cell Dev. Biol. 13:1522294. doi:
10.3389/fcell.2025.1522294

Falahati, H., and Haji-Akbari, A. (2019). Thermodynamically driven assemblies and
liquid-liquid phase separations in biology. Soft Matter 15, 1135-1154. doi:
10.1039/C8SM02285B

Ferrer, L, Blanco, R., Carmona, M., and Puig, B. (2001). Phosphorylated mitogen-
activated protein kinase (MAPK/ERK-P), protein kinase of 38 kDa (p38-P), stress-
activated protein kinase (SAPK/JNK-P), and calcium/calmodulin-dependent kinase
II (CaM kinase II) are differentially expressed in tau deposits in neurons and glial
cells in tauopathies. J. Neural Transm. Vienna Austria 1996 108, 1397-1415. doi:
10.1007/s007020100016

Formicola, N., Heim, M., Dufourt, J., Lancelot, A.-S., Nakamura, A., Lagha, M.,
et al. (2021). Tyramine induces dynamic RNP granule remodeling and translation
activation in the Drosophila brain. eLife 10:e65742. doi: 10.7554/eLife.65742

Fu, Q., Zhang, B., Chen, X., and Chu, L. (2024). Liquid-liquid phase separation in
Alzheimer’s disease. J. Mol. Med. 102, 167-181. doi: 10.1007/s00109-023-02407-3

Genchi, G., Sinicropi, M. S., Lauria, G., Carocci, A., and Catalano, A. (2020). The
effects of cadmium toxicity. Int. J. Environ. Res. Public Health 17:3782. doi:
10.3390/ijerph17113782

Gomes, E., and Shorter, J. (2019). The molecular language of membraneless
organelles. J. Biol. Chem. 294, 7115-7127. doi: 10.1074/jbc.TM118.001192

Haddadi, M., Jahromi, S. R., Sagar, B. K. C,, Patil, R. K., Shivanandappa, T., and
Ramesh, S. R. (2014). Brain aging, memory impairment and oxidative stress: a study
in  Drosophila  melanogaster. Behav. Brain Res. 259, 60-69. doi:
10.1016/j.bbr.2013.10.036

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al.
(2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15,
565-581. doi: 10.1038/541582-019-0244-7

Hu, L., Lu, J., Fan, H., Niu, C., Han, Y., Caiyin, Q., et al. (2025). FAS mediates
apoptosis, inflammation, and treatment of pathogen infection. Front. Cell. Infect.
Microbiol. 15:1561102. doi: 10.3389/fcimb.2025.1561102

Hu, Y., Wu, H., Lu, C., Xu, H., Li, B., Guan, W, et al. (2023). Cadmium chloride
exposure impairs the growth and behavior of Drosophila via ferroptosis. Sci. Total
Environ. 865:161183. doi: 10.1016/j.scitotenv.2022.161183

Iliadi, K. G., and Boulianne, G. L. (2010). Age-related behavioral changes in
Drosophila. Ann. N. Y. Acad. Sci. 1197, 9-18. doi: 10.1111/j.1749-6632.2009.05372.x

Jung, Y.-S., Jeong, E.-M., Park, E. K., Kim, Y.-M,, Sohn, S, Lee, S. H,, et al. (2008).
Cadmium induces apoptotic cell death through p38 MAPK in brain microvessel
endothelial cells. Eur. J. Pharmacol. 578, 11-18. doi: 10.1016/j.ejphar.2007.08.049

Kandel, E. R. (2001). The molecular biology of memory storage: a dialogue between
genes and synapses. Science 294, 1030-1038. doi: 10.1126/science.1067020

Kanellopoulos, A. K., Semelidou, O., Kotini, A. G., Anezaki, M., and
Skoulakis, E. M. C. (2012). Learning and memory deficits consequent to reduction
of the fragile X mental retardation protein result from metabotropic glutamate
receptor-mediated inhibition of cAMP signaling in Drosophila. J. Neurosci. 32,
13111-13124. doi: 10.1523/JNEUROSCI.1347-12.2012

Frontiers in Neuroscience

11

10.3389/fnins.2025.1605687

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2025.1605687/
full#supplementary-material

Kobayashi, N., Kadono, Y., Naito, A., Matsumoto, K., Yamamoto, T., Tanaka, S.,
etal. (2001). Segregation of TRAF6-mediated signaling pathways clarifies its role in
osteoclastogenesis. EMBO J. 20, 1271-1280. doi: 10.1093/emboj/20.6.1271

Kosmidis, M. H., Zafiri, M., and Politimou, N. (2011). Literacy versus formal
schooling: influence on working memory. Arch. Clin. Neuropsychol. 26, 575-582.
doi: 10.1093/arclin/acr063

Kyriakis, J. M., and Avruch, J. (2001). Mammalian mitogen-activated protein
kinase signal transduction pathways activated by stress and inflammation. Physiol.
Rev. 81, 807-869. doi: 10.1152/physrev.2001.81.2.807

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Lu, B., and Vogel, H. (2009). Drosophila models of neurodegenerative diseases.
Annu. Rev. Pathol. 4, 315-342. doi: 10.1146/annurev.pathol.3.121806.151529

Min, J.-Y., and Min, K.-B. (2016). Blood cadmium levels and Alzheimer’s disease
mortality risk in older US adults. Environ. Health 15:69. doi:
10.1186/512940-016-0155-7

Murman, D. L. (2015). The impact of age on cognition. Semin. Hear. 36, 111-121.
doi: 10.1055/5-0035-1555115

Napoletano, F, Ferrari Bravo, G., Voto, I. A. P, Santin, A., Celora, L., Campaner, E.,
et al. (2021). The prolyl-isomerase PIN1 is essential for nuclear Lamin-B structure
and function and protects heterochromatin under mechanical stress. Cell Rep.
36:109694. doi: 10.1016/j.celrep.2021.109694

Nishina, H., Wada, T., and Katada, T. (2004). Physiological roles of SAPK/JNK
signaling pathway. J. Biochem. (Tokyo) 136, 123-126. doi: 10.1093/jb/mvh117

Nitta, Y., and Sugie, A. (2022). Studies of neurodegenerative diseases using
Drosophila and the development of novel approaches for their analysis. Fly (Austin)
16, 275-298. doi: 10.1080/19336934.2022.2087484

Pan, Y., Fan, K., Zong, L., Luo, Y., Ni, X., Chen, D,, et al. (2025). Molecular insight
into reproductive toxicity and transgenerational effects of cadmium exposure on
Drosophila  melanogaster.  Ecotoxicol.  Environ.  Saf. 291:117870. doi:
10.1016/j.ecoenv.2025.117870

Patel, A., Malinovska, L., Saha, S., Wang, J., Alberti, S., Krishnan, Y., et al. (2017).
ATP as a biological hydrotrope. Science 356, 753-756. doi: 10.1126/science.aaf6846

Pushpalatha, K. V., Solyga, M., Nakamura, A., and Besse, F. (2022). RNP
components condense into repressive RNP granules in the aging brain. Nat.
Commun. 13:2782. doi: 10.1038/s41467-022-30066-4

Raj, K., Kaur, P, Gupta, G. D., and Singh, S. (2021). Metals associated
neurodegeneration in Parkinson’s disease: insight to physiological, pathological
mechanisms and  management.  Neurosci.  Lett.  753:135873.  doi:
10.1016/j.neulet.2021.135873

Sakakibara, Y., Yamashiro, R., Chikamatsu, S., Hirota, Y., Tsubokawa, Y.,
Nishijima, R., et al. (2023). Drosophila Toll-9 is induced by aging and
neurodegeneration to modulate stress signaling and its deficiency exacerbates tau-
mediated neurodegeneration. iScience 26:105968. doi: 10.1016/j.is¢i.2023.105968

Shetty, S. S., Deepthi, D., Harshitha, S., Sonkusare, S., Naik, P. B., Kumari, N. S.,
et al. (2023). Environmental pollutants and their effects on human health. Heliyon
9:€19496. doi: 10.1016/j.heliyon.2023.e19496

Shin, Y., and Brangwynne, C. P. (2017). Liquid phase condensation in cell
physiology and disease. Science 357:eaaf4382. doi: 10.1126/science.aaf4382

Strom, A. R., Emelyanov, A. V., Mir, M., Fyodorov, D. V., Darzacq, X., and
Karpen, G. H. (2017). Phase separation drives heterochromatin domain formation.
Nature 547, 241-245. doi: 10.1038/nature22989

Tully, T., and Quinn, W. G. (1985). Classical conditioning and retention in normal
and mutant Drosophila melanogaster. J. Comp. Physiol. 157, 263-277. doi:
10.1007/BF01350033

frontiersin.org


https://doi.org/10.3389/fnins.2025.1605687
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2025.1605687/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2025.1605687/full#supplementary-material
https://doi.org/10.1016/j.cell.2018.12.035
https://doi.org/10.3389/fnagi.2021.650930
https://doi.org/10.1242/jcs.161810
https://doi.org/10.3389/fcell.2025.1522294
https://doi.org/10.1039/C8SM02285B
https://doi.org/10.1007/s007020100016
https://doi.org/10.7554/eLife.65742
https://doi.org/10.1007/s00109-023-02407-3
https://doi.org/10.3390/ijerph17113782
https://doi.org/10.1074/jbc.TM118.001192
https://doi.org/10.1016/j.bbr.2013.10.036
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.3389/fcimb.2025.1561102
https://doi.org/10.1016/j.scitotenv.2022.161183
https://doi.org/10.1111/j.1749-6632.2009.05372.x
https://doi.org/10.1016/j.ejphar.2007.08.049
https://doi.org/10.1126/science.1067020
https://doi.org/10.1523/JNEUROSCI.1347-12.2012
https://doi.org/10.1093/emboj/20.6.1271
https://doi.org/10.1093/arclin/acr063
https://doi.org/10.1152/physrev.2001.81.2.807
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1146/annurev.pathol.3.121806.151529
https://doi.org/10.1186/s12940-016-0155-7
https://doi.org/10.1055/s-0035-1555115
https://doi.org/10.1016/j.celrep.2021.109694
https://doi.org/10.1093/jb/mvh117
https://doi.org/10.1080/19336934.2022.2087484
https://doi.org/10.1016/j.ecoenv.2025.117870
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1038/s41467-022-30066-4
https://doi.org/10.1016/j.neulet.2021.135873
https://doi.org/10.1016/j.isci.2023.105968
https://doi.org/10.1016/j.heliyon.2023.e19496
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1038/nature22989
https://doi.org/10.1007/BF01350033

De Donno et al.

Viaene, M. K., Masschelein, R., Leenders, J., De Groof, M., Swerts, L. J., and Roels, H. A.
(2000). Neurobehavioural effects of occupational exposure to cadmium: a cross sectional
epidemiological study. Occup. Environ. Med. 57, 19-27. doi: 10.1136/0em.57.1.19

Vijayakumar, J., Perrois, C., Heim, M., Bousset, L., Alberti, S., and Besse, F. (2019).
The prion-like domain of Drosophila imp promotes axonal transport of RNP granules
in vivo. Nat. Commun. 10:2593. doi: 10.1038/s41467-019-10554-w

Wang, B., Zhang, L., Dai, T., Qin, Z., Lu, H., Zhang, L., et al. (2021). Liquid-liquid
phase separation in human health and diseases. Signal Transduct. Target. Ther. 6,
290-216. doi: 10.1038/s41392-021-00678-1

Frontiers in Neuroscience

12

10.3389/fnins.2025.1605687

Wegmann, S., Eftekharzadeh, B., Tepper, K., Zoltowska, K. M., Bennett, R. E.,
Dujardin, S., et al. (2018). Tau protein liquid-liquid phase separation can initiate tau
aggregation. EMBO J. 37:¢98049. doi: 10.15252/embj.201798049

Yang, P, Yang, X., Sun, L., Han, X, Xu, L., Gu, W, et al. (2022). Effects of cadmium on
oxidative stress and cell apoptosis in Drosophila melanogaster larvae. Sci. Rep. 12:4762.
doi: 10.1038/s41598-022-08758-0

Zbinden, A., Pérez-Berlanga, M., De Rossi, P, and Polymenidou, M. (2020). Phase
separation and neurodegenerative diseases: a disturbance in the force. Dev. Cell 55,
45-68. doi: 10.1016/j.devcel.2020.09.014

frontiersin.org


https://doi.org/10.3389/fnins.2025.1605687
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1136/oem.57.1.19
https://doi.org/10.1038/s41467-019-10554-w
https://doi.org/10.1038/s41392-021-00678-1
https://doi.org/10.15252/embj.201798049
https://doi.org/10.1038/s41598-022-08758-0
https://doi.org/10.1016/j.devcel.2020.09.014

	Mechanistic insights into cadmium-related premature aging in Drosophila model
	1 Introduction
	1.1 Environmental contaminants and human health: a focus on cadmium
	1.2 The importance of model organisms to study the effects of cadmium: a focus on Drosophila
	1.3 Stress sensor pathways activated by cadmium: an overview
	1.4 The role of ribonucleoprotein aggregates and liquid–liquid phase separation process in neurodegeneration

	2 Methods
	2.1 Flies stocks
	2.2 Treatment with cadmium in the diet
	2.3 Measurement of lifespan in Drosophila melanogaster
	2.4 Learning and memory assay or behavioral experiments
	2.5 Total RNA extraction
	2.6 cDNA synthesis from total RNA
	2.7 Quantitative real-time PCR
	2.8 Statistical analysis
	2.9 Immunostaining and confocal microscopy
	2.10 Apoptosis detection by TUNEL assay

	3 Results
	3.1 Learning and memory impairment in cadmium-treated flies
	3.2 Activation of molecular markers of stress in the brains of cadmium-treated flies
	3.3 Cellular markers of neuronal death appear in cadmium-treated flies
	3.4 The blood–brain barrier maintains its integrity in the brains of cadmium-treated flies
	3.5 Neuronal RNP component prematurely condenses in cadmium-treated flies

	4 Discussion and conclusion

	References

