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Deferoxamine mesylate (DFX) is a microorganism-derived iron chelator used in hematology to treat acute iron
intoxication and chronic iron overload. Many studies have reported adverse neurological events from DFX
exposure, but it is challenging to distinguish these from the effects of iron intoxication. This study aimed to
evaluate whether DFX exposure alone can directly impair neurological functions and to elucidate its toxicological
mechanisms. Our findings from in vivo and in vitro experiments indicate that DFX exposure can directly cause

emotional and cognitive dysfunction in mice. Neuronal apoptosis, resulting from chaperone-mediated autophagy
(CMS) dysfunction, was identified as a key toxicological mechanism underlying DFX-induced neuronal impair-
ment. This study provides evidence for the comprehensive monitoring and timely management of neurotoxic
adverse events associated with DFX exposure, as well as a foundation for developing medications to prevent and
treat these events to enhance patient quality of life.

1. Introduction

Deferoxamine mesylate (DFX) is a natural product of soil bacteria
such as Streptomyces pilosus and other actinomycetes [1]. DFX, as an iron
chelator, is widely used in clinical hematology to treat acute iron
intoxication and chronic iron overload caused by transfusion-dependent
anemias [2]. Additionally, DFX has demonstrated efficacy in mitigating
complications of sickle cell anemia and in prolonging the lifespan in
patients with p-thalassemia to levels comparable to the general popu-
lation [3,4].

Despite its significant therapeutic benefits in reducing the incidence
and mortality linked to siderosis, clinical reports have documented a
range of adverse events associated with DFX administration. In addition
to localized injection site reactions, patients have exhibited growth
retardation, endocrine dysfunction, and toxicity affecting the cardio-
vascular, pulmonary, kidney, and nervous systems [5-9]. Neurotoxicity
is one of the most commonly reported adverse effects, manifesting as
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optic neuropathy, ototoxicity, and olfactory dysfunction, as well as more
severe neurological disturbances, including dizziness, convulsions, and
coma. These neurotoxic effects seriously limit the quality of life and pose
life-threatening risks [2,10-16]. Notably, the clinical presentations of
DFX-related neurotoxicity closely resemble those of iron poisoning,
complicating differential diagnosis [17]. Additionally, some studies
suggest that chronic aluminum exposure from DFX treatment may
indirectly cause optical, auditory, and olfactory toxicities (Ellenberg
et al., 1990; [18]). The question of whether DFX exposure can inde-
pendently induce neurological impairments along with the underlying
toxicological mechanisms remains unresolved, warranting further
comprehensive investigations.

Chaperone-mediated autophagy (CMA) occurs in lysosomes and
selectively degrades unfolded or misfolded protein substrates with
KFERQ-like motifs [19]. The process starts when cochaperones, partic-
ularly the heat shock cognate protein of 71 kDa (HSC70), recognize the
KFERQ-like motif in these protein substrates. Subsequently, other
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cochaperones—including heat shock protein (Hsp) 40, Hsp90, and
Bcl-2-associated athanogene 1 protein (Bag-1)—join in to assist HSC70
in forming the translocation complex [20]. During this process, Hsp40
enhances chaperone activity, while Hsp90 identifies flexible regions of
the protein substrates to prevent aggregation. Concurrently, Bag-1 dis-
rupts the binding of the substrate to HSC70 and lowers its ATPase ac-
tivity, which inhibits CMA [21]. The translocation complex is then
directed to the lysosome via lysosomal-associated membrane protein
type 2A (Lamp2A), leading to the degradation of the substrate with the
KFERQ-like motif [22]. Dysfunctional CMA can lead to the aggregation
of misfolded proteins in the cytoplasm, triggering apoptosis and
compromising cellular physiological function [23]. Numerous studies
have suggested that impaired neuronal CMA may contribute to the
pathogenesis of various neurological disorders, including neurodegen-
erative diseases, epilepsy, dementia, and cognitive impairment
([24-26]; Tomoda et al., 2020; [27,28]). However, the role of CMA
dysfunction in DFX-induced neurotoxicity and its underlying mecha-
nisms require further elucidation.

This study aimed to clarify the neurotoxicity associated with DFX
exposure and to further elucidate its underlying toxicological mecha-
nisms. Mice were subjected to intravenous DFX exposure once every
other day for 35 days. Iron levels in the peripheral and central nervous
systems were assessed using inductively coupled plasma mass spec-
trometry (ICP-MS). Behavioral tests were conducted to evaluate the
emotional and cognitive functions of the mice, providing further insights
into the neurotoxic effects. Additionally, we examined neurotransmitter
release, neuronal morphology, and CMA function to better understand
the underlying toxicological mechanisms. Furthermore, neuronal PC12
and microglia N9 cells were used to investigate the direct cytotoxic ef-
fects of DFX on neuronal cells and to confirm the role of CMA
dysfunction in the neurotoxicity associated with DFX exposure in vitro.
The study findings provide evidence for the comprehensive monitoring
and timely mitigation of neurotoxic adverse events caused by DFX
exposure and lay the groundwork for developing treatments to prevent
and address these adverse events, thereby improving patient quality of
life.

2. Materials and methods
2.1. Animals

Forty adult KM mice (20 males and 20 females, 6-8 weeks old,
18-22 g) were obtained from Huafukang Biotechnology (Beijing,
China). The mice were raised in a specific pathogen-free environment at
22 °C + 2 °C with a 12-h light-dark cycle. Five mice were housed in
each cage and provided with ad libitum access to food and water. All
animal protocols were developed in alignment with animal welfare
principles and were approved by the Institutional Animal Care and Use
Committee of Shenyang Pharmaceutical University (SYPU-IACUC-
$2024-110-101).

2.2. Exposure plan

After acclimating for 3 days, the mice were randomized into two
groups. The DFX exposure group received intravenous injections (4.0
mg/kg) (NOVARTIS, Switzerland) once every other day for 35 days
(total of 17 injections). The control group received intravenous saline
injections on the same schedule.

2.3. Anxious/depressive behavior assessment

Behavioral tests were conducted to examine anxiety and depressive
states in a dark, quiet room to limit interference. A video tracking system
(Xinruan Information Technology, China) was used to record and
analyze animal behavior.
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2.3.1. Open field test

Anxiety-related behavioral changes were evaluated in an open field
test (OFT). The OFT was conducted on DFX exposure days 0, 7, 14, 21,
28, and 35. Briefly, the mice were placed in one corner of the open field
(50 x 50 cm). Spontaneous activity, measured as average speed, total
distance, and time spent in the central, peripheral, and corner zones of
the open field (21 x 21 cm), was recorded over 5 min. Feces and urine
left in the open field were cleaned with water to avoid interference
caused by odor [29].

2.3.2. Tail suspension test

On the 22nd day of DFX exposure, the tail suspension test (TST) was
conducted to measure depressive status. Briefly, the mouse was hung
upside down from a metal rod 50 cm above a table. Immobility time,
which is the time spent without limb movement, was measured. During
the 6-min test, the mice were allowed to adapt for 2 min, and then
immobility time within the last 4 min was recorded [30].

2.3.3. Forced swimming test

On the 24th day of DFX exposure, the forced swimming test (FST)
was conducted to measure depressive status. Briefly, the mouse was
placed in a cylindrical plastic container (30 cm high x 11 cm diameter)
filled with 25 cm of water maintained at 24 °C + 1 °C. The immobility
time refers to the time when the mouse does not move any limbs. During
the 6-min test, the mice were allowed to adapt for 2 min, and then
immobility time during the last 4 min was recorded [31].

2.4. Cognitive behavior assessment

2.4.1. Morris water maze test

On the 25th day of DFX exposure, we used the Morris water maze
(MWM) (Xinruan Information Technology) to measure learning ability
and spatial memory. The MWM is a circular container, 35 cm high and
120 cm in diameter, with a submerged platform and filled with 20 cm of
water maintained at 25 °C + 2 °C. The MWM test was performed over 6
days in two phases. For the first 5 days, the mouse was guided and
trained to land on the submerged platform within 1 min, known as the
positioning navigation phase. When the mouse failed to find the plat-
form, it was guided and made to stand on it for 15 s. The escape latency,
swimming distance, and swimming trajectories within the 1 min were
recorded. We removed the platform for the space exploration experi-
ment on the sixth day. The swimming time, distance, time spent in the
target quadrants, and the times that mice crossed the original location of
the platform within 1 min were recorded [32].

2.4.2. Novel object recognition test

On the 30th day of DFX exposure, the novel object recognition (NOR)
test was conducted to assess short-term memory. The NOR test was
performed in a 53-cm square box. On the first 2 days, the mice were
placed in the square box for 5 min to acclimate to the environment. On
the third day, two identical objects were placed in the box, and the
mouse was allowed to explore for 5 min. After 1 h, one of the objects was
replaced with a novel object, and the mouse was allowed to explore for
another 5 min. Exploration was defined as occurring when the distance
between the mouse and the object was <2 cm and the object was
touched and smelled. The time the mouse spent exploring the novel
object and the familiar object was recorded. The recognition index (RI)
was calculated as 0z x 100 %. The testing box was cleaned with water
after each mouse experiment [33].

2.4.3. Y maze test

On the 33rd day of DFX exposure, the Y maze test was conducted to
examine spatial memory [32]. The Y maze has three symmetrical arms
at 120° angles, designated A, B, and C. Each arm is 20 cm long x 10 cm
wide x 20 cm high. Mice were subjected to two trial Y maze tests to
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assess their spatial memory. In the first trial, the mouse was placed in the
maze for 5 min to adapt to the environment. On the second day, the
mouse was placed at the distal end of A and allowed to explore the maze
freely for 8 min. Entry times in each arm were recorded, and the per-
centage of alternations (entry into an arm that differs from the previous
two entries) was calculated as (ALmatons y 5 100 %. In the second trial,
one arm of the Y maze was closed before the mouse was placed into the
maze and allowed to explore the other two open arms for 5 min. After 1
h, the closed arm was opened, and the mouse was placed into the maze
again to explore all three open arms for 5 min. Times of entry and the

time spent in each arm were recorded. The new arm (previously closed

New Arm Entry Time/Rate % 100 %.

arm) entry time/rate was calculated as ~Total Entry Time/Rate

2.5. Iron-related indices

After the behavioral tests, the mice were sacrificed, and the blood
was collected in tubes with or without anticoagulant to determine the
iron-related indices, including ferritin and hemoglobin. Ferritin and
hemoglobin levels were determined using an automated biochemical
analyzer and a blood cell analyzer, respectively (Mindray Medical,
China).

2.6. Iron levels

Iron levels in the brain and serum were determined by ICP-MS.
Briefly, after aspirating the homogenates of brain tissue or serum, 2
mL of nitric acid was added and heated at 150 °C. Once the solutions
were clear, the mixtures were heated at 150 °C for another 30 min, then
allowed to cool and diluted to 25 mL with water. ICP-MS was performed
on a 7500a triple quadrupole ICP-MS QQQ (Agilent, USA) equipped with
a microconcentric nebulizer (Meinhard MicroMist, USA), Peltier-cooled
double-pass spray chamber, standard torch, and auto-sampler. Data
were analyzed using MassHunter workstation version 4.1 (Agilent).

2.7. HPLC-MS/MS determination of monoamine neurotransmitters

Monoamine neurotransmitters dopamine (DA), noradrenaline (NE),
and 5-hydroxytryptamine (5-HT) were measured against isoproterenol
as the internal standard (IS). Briefly, the mouse brain was dissected and
homogenized on ice. Chromatography was performed by gradient
elution on an Agilent 1290 system equipped with an Agilent ZORBAX
Eclipse Plus-C;g column (2.1 x 50 mm, 1.8 pm) at 35 °C. The mobile
phase consisted of (A) 0.1 % formic acid in water and (B) acetonitrile at
0.3 mL/min. The injection volume was 5 pL. The gradient elution pro-
cedure is shown in Table 1. The mass system with an Agilent 6470 triple
quadrupole and electrospray ionization source was used to detect the
target analytes and IS. Target compounds were quantified in multiple
reaction monitoring mode. Optimized mass ionization parameters are
shown in Table 2 [34].

2.8. Histopathology

Neurons were stained with Nissl and fuchsin-aldehyde reagents to
observe morphological changes and lipofuscin deposition, respectively.

Table 1

Gradient elution procedure.
Time (min) A% B%
0 96 4
1 76 4
2 85 15
4 55 45
6 55 65
7 96 4
8 96 4
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Briefly, the brain was fixed with 10 % buffered formalin for 24 h, pro-
cessed with an automated tissue processor (TKY-TSF, Taikang, China),
and embedded in paraffin. The blocks were sectioned (5 pm) on a
semiautomatic rotary microtome (Leica, Germany), placed on slides,
and dried overnight. The sections were stained using a Nissl (cresyl vi-
olet method) (BASO, China) or a lipofuscin staining kit (aldehyde
fuchsin method) (DeepMind, China). Observations were made under an
optical microscope at 200 x magnification (DS-Ri2, Nikon, Japan).

2.9. Immunofluorescence assay

Fixation, processing, embedding, and slicing procedures for brain
slice preparation were performed as described in Section 2.8. The slices
were incubated with anti-HSC70 and anti-Lamp2A antibodies (Boster
China; Abcam, USA) overnight at 4 °C, then with a secondary antibody
(APExBIO, China) for 1 h. The samples were washed with 0.1 M
phosphate-buffered saline (PBS) and then sealed with an antifading
fixation medium (Beyotime, China). The DAPI-, HSC70-, and Lamp2A-
stained neurons in the dentate gyrus (DG) of the hippocampus were
observed using a BX40 fluorescence microscope (Olympus, Japan). Im-
ages were analyzed using ImageJ software to quantify neurons double-
stained with anti-HSC70 and anti-Lamp2A antibodies.

2.10. Transmission electron microscopy

The hippocampus was dissected on ice, then cut into 1 mm? pieces
and fixed in electron microscopy fixative (Servicebio, China) for 2-4 h.
Samples were washed three times with 0.1 M PBS (pH = 7.4), then fixed
in 1 % osmic acid in 0.1 M PBS (pH = 7.4) for 2 h and washed three more
times with 0.1 M PBS. After dehydration, permeation, and embedding
(SPI-CHEM/SPI-PON 812 kit, USA), the tissue was cut into sections
using an ultramicrotome (Leica UC7, Germany) and double-stained with
a 2 % saturated alcohol solution of uranium acetate and lead citrate for
15 min. Samples were observed by transmission electron microscopy
(HITACHI HT7700, Japan).

2.11. Cell culture

Mouse microglia N9 and pheochromocytoma PC12 cell lines were
incubated in Dulbecco’s Modified Eagle Medium containing 10 % heat-
inactivated fetal bovine serum, 1 % penicillin, 1 % streptomycin, and 1
mmol/L -glutamine. Cells were incubated in culture dishes at 37 °C and
5 % COa.

2.12. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assays

DFX neurotoxicity was measured using the 3-(4,5-dimethylthiazol-2-
yD)-2,5-diphenyltetrazolium bromide (MTT) assay [35]. Cells were
harvested in the logarithmic growth phase, suspended at 1.5 x 10°
cells/mL, and then seeded in 96-well plates. After incubation for 24 h,
DFX (10, 20, 50, or 100 pmol/L) was added and incubated for 72 h.
Subsequently, 10 pL of MTT solution (2.5 mg/mL) was added and
incubated for another 3-4 h. The medium was removed, and 100 pL of
dimethy] sulfoxide was added to dissolve the violet crystal of formazan
in cells. A BioTek Synergy™ HT plate reader was used to measure
absorbance at 492 nm.

2.13. Determination of cell apoptosis

We used terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining to measure apoptosis in the brains of
the experimental mice. Sample fixing, processing, embedding, and cut-
ting procedures are described in Section 2.8. TUNEL staining was per-
formed according to the manufacturer’s instructions. Annexin V-PI
double staining was used to measure apoptosis. The CMA agonist AR7
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Table 2
Optimized mass parameters for analytes and ISs.
Compounds Precursor Ion Product Ion Fragmentor Collision Energy Cell Accelerator Voltage Polarity
1 Noradrenaline 274.2 274.2 50 10 3 Positive
2 Isoproterenol(IS) 212.1 119.1 130 20 5 Positive
3 5-hydroxytryptamine 177 160 43 5 5 Positive
4 Dopamine 154 137 47 5 5 Positive

(MedChemExpress, China) was used to validate the pathogenic role of
CMA in DFX-induced apoptosis. Log-phase PC12 cells were adjusted to 2
x 10° cells/mL and seeded in six-well plates. After pretreatment with
AR7 (2.5 pmol/L) for 24 h, DFX (100 pmol/L) was added and incubated
for 48 h before the cells were harvested. According to manufacturer
instructions (UELANDY, China), Annexin V-FITC (5 pL) and PI (10 pL) in
binding buffer (500 pL) were added and incubated for 15 min at 25 °C.
Apoptotic cells were then quantified by flow cytometry and analyzed
with FlowJo v10.8.1. The cells were also collected for Western blot
analysis of HSC70 and Lamp2A.

2.14. Western blot analysis

The mouse hippocampus was dissected and homogenized manually
in a radioimmunoprecipitation assay buffer. Protease and phosphatase
inhibitors were added to inhibit protein degradation. Total protein
concentration was determined using a BCA assay kit (Beyotime). Pro-
teins were separated by 8 % and 12 % SDS-polyacrylamide gels, trans-
ferred to polyvinylidene fluoride membranes (Merck Millipore, USA),
blocked in rapid blocking buffer (Boster), and incubated with primary
antibodies targeting cleaved caspase-3, cleaved PARP, HSC70, Lamp2A,
HSP40, LC3-1, LC3-II, and GAPDH (Boster) for 12 h at 4 °C. The mem-
branes were labeled with secondary antibodies for another 1 h
(ANPEXIO, China), incubated with enhanced chemiluminescence re-
agent (Sigma-Aldrich, USA), and imaged using a gel imaging system
(BioRad, USA) [35].

2.15. Data analysis

Results are reported as mean =+ standard error. Significant differ-
ences were analyzed by an independent sample t-test or two-way
ANOVA (SPSS 22.0, USA). *p < 0.05, **p < 0.01, ***p < 0.001 were
considered significant compared to the control.

3. Results
3.1. DFX exposure reduces iron levels in mice

As an iron chelator, we first investigated the effects of DFX exposure
on peripheral iron levels in mice by detecting serum iron, ferritin, and
hemoglobin levels. Our results demonstrate that the mice exposed to
DFX had significantly lower serum iron and ferritin levels than the
control mice (Fig. 1A and B). DFX exposure could decrease the
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hemoglobin level of mice (Fig. 1C). Moreover, DFX exposure could affect
the iron level in the central nervous system. The brain iron levels of mice
exposed to DFX were significantly lower than those of the control mice
(Fig. 1D). Our results indicated that DFX exposure not only significantly
decreased the peripheral iron level but also decreased the iron level in
the central nervous system.

3.2. DFX exposure induces anxious/depressive behavior in mice

We used OFT, FST, and TST to evaluate anxious/depressive behavior
in mice exposed to DFX, the test schedule is shown in Fig. 2A. Our results
revealed that anxious behavior increased with time of DFX exposure in
the OFT, with significant anxious behavior becoming evident in the fifth
week. Compared to the control mice, DFX-exposed mice exhibited
shorter movement distances and time in the central zone and shorter
total distances in the open field. However, the average velocity of mice
did not show significant difference, suggesting that DFX exposure did
not affect locomotor ability (Fig. 2B-F). DFX-exposed mice exhibited
longer immobility times than the controls in the TST and FST, suggesting
that DFX exposure could lead to significant depressive behavior (Fig. 2G
and H). In sum, these results indicated significant DFX-related anxious
and depressive behavior in mice.

3.3. DFX exposure impairs learning and spatial memory in mice

To assess cognitive function, we conducted the MWM test to evaluate
learning ability and spatial memory in mice exposed to DFX. Our results
indicated that over the course of the positioning navigation experiment
from the first day to the fifth day, the path length and escape latency for
control mice and those exposed to DFX decreased progressively. On days
4 and 5 of the MWM test, DFX-exposed mice took significant longer
paths and more time to escape than control mice, suggesting that DFX
exposure significantly impaired their learning ability (Fig. 3A-C). Fig. 31
illustrates the representative trajectory of the mice in the positioning
navigation experiment on the fifth day. In the spatial exploration test on
the sixth day, DFX-exposed mice exhibited significantly fewer crossings
of the platform, spent less time in the hidden platform quadrants, and
covered shorter distances in those quadrants than control mice. This
indicates that DFX exposure significantly impaired spatial memory
(Fig. 3D-F). Fig. 3J shows the representative trajectory of the mice in the
spatial exploration experiment on the sixth day. The average speed and
total distance traveled by both groups of mice during the MWM did not
reveal any significant differences, suggesting that the physical fitness of
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Fig. 1. DFX exposure reduces iron levels in mice. Graphs show (A) iron levels in serum (B) ferritin levels in serum (C) hemoglobin levels (D) iron concentrations in
mice brains after DFX exposure for 35 days. Data were shown as Mean + S.E., n = 8-10 mice/group. The significance differences were compared by using inde-

pendent t-test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group.
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Fig. 2. DFX exposure induces anxious/depressive behavior in mice. Graphs show the (A) workflow of behavioral tests (B) representative trajectory of the control
mice and DFX administrated mice from the 1st week to the 5th week, and (C) the average velocity, (D) movement distance in central zone, (E) total movement
distance and (F) central zone time in the open field on the 5th week. Graphs also show the immobility time of mice in the (G) TST and (H) FST. Data were shown as
Mean =+ S.E., n = 10 mice/group. The significant differences were compared by using independent t-test. *p < 0.05, **p < 0.01 vs. Control group.

the mice was not affected by DFX exposure (Fig. 3G and H). Overall,
these results suggest that DFX exposure can significantly impair learning
ability and spatial memory in mice.

3.4. DFX exposure impairs working memory in mice

We used the Y maze and NOR tests to evaluate the effects of DFX on
working memory. In the Y maze, DFX-exposed mice had much poorer
spatial recognition memory than control mice. These mice had a lower
alternation rate in the spontaneous alternation test (Fig. 3K) and spent
less time entering the new arm in the spatial cognition test (Fig. 3L).

However, the new arm entry rate did not differ between groups
(Fig. 3M). In the NOR test, the DFX-exposed mice showed a significantly
lower RI than the control mice (Fig. 3N), suggesting that DFX exposure
significantly impaired short-term memory in mice. These results
demonstrate that DFX leads to working memory impairment in mice.

3.5. DFX exposure leads to disordered neurotransmitter release in mice

The release of monoamine neurotransmitters is related to the
emotional and cognitive functions of the central nervous system [34].
Due to the impairment of neurological functions in mice caused by DFX
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Fig. 3. DFX exposure impairs cognitive function in mice. Graphs show the (A) path length, (B) escape latency and (C) velocity in the positioning navigation
experiment. Data were shown as Mean =+ S.E., n = 10 mice/group. The significant differences were compared by using two-way ANOVA. *p < 0.05 vs. Control group.
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experiment in MWM. Graphs show the (K) alternation rate, (L) new arm entry time, (M) new arm entry rate of mice in Y maze and (N) recognition index in NOR test.
Data were shown as Mean + S.E., n = 10 mice/group. The significant differences were compared by using independent t-test. *p < 0.05, **p < 0.01 vs. Control group.

exposure, we investigated the effect of DFX on monoamine neuro-
transmitter release. In the current study, we observed significantly
reduced cerebral concentrations of DA, NE, and 5-HT (Fig. 4A-C), sug-
gesting that the emotional and cognitive dysfunctions associated with
DFX exposure might be related to disordered monoamine neurotrans-
mitter release in mice.

3.6. DFX exposure induces apoptosis in the hippocampal neurons of mice

Given that the hippocampus is known to play a crucial role in
emotional and cognitive functions, we started our investigation by uti-
lizing Nissl staining to assess the morphological changes in the hippo-
campal neurons in mice exposed to DFX. Our findings revealed
significant neuronal damage in the CA1 region of the hippocampus in
DFX-treated mice, characterized by nuclear pyknosis, hyperchromatic
nuclei, and even cytolysis (Fig. 4D and E). We then analyzed the protein
levels of cleaved cysteinyl aspartate-specific protein-3 (caspase-3) and
cleaved poly(ADP-ribose) polymerase (PARP), both of which are key
mediators of apoptosis [36]. Results demonstrated that DFX exposure
significantly increased the protein expression of cleaved caspase-3 and
cleaved PARP in the hippocampal neurons of mice (Fig. 4F-H). Addi-
tionally, TUNEL staining results indicated a significant increase in the
number of positive cells in the hippocampal CA1 region following DFX

treatment (Fig. 41 and J). These findings suggest that the behavioral
alterations and neurotransmitter release disorders observed in
DFX-exposed mice may be linked to neuronal apoptosis in the CAl re-
gion of the hippocampus.

3.7. DFX exposure induces CMA dysfunction in the hippocampal neurons
of mice

CMA dysfunction-induced neuronal apoptosis plays a pathogenic
role in various neurological diseases [24]. To explore this further, we
first assessed the expression of CMA-related proteins in the hippocampus
of mice, specifically HSC70, Lamp2A, and Hsp40. Our findings revealed
that DFX exposure significantly reduced the protein levels of HSC70,
Lamp2A, and Hsp40 in the hippocampal neurons, while the protein
levels of LC3-I and LC3-II, which are associated with macroautophagy,
remained unaffected by DFX exposure (Fig. 5A-E). Since DG region of
the hippocampus has gained considerable attention as both a form of
structural plasticity and as a neural substrate for the pathophysiology of
major depression disorder (Sahay et al., 2007), we examined the
colocalization of HSC70 and Lamp2A within the neuronal cytoplasm of
DG area through immunofluorescence double staining to evaluate the
functional state of CMA. Our results demonstrated that compared to the
control mice, the DFX-exposed mice exhibited weaker luminescence of
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HSC70 and Lamp2A, along with significantly reduced colocalization of Lipofuscin is a misfolded protein characterized by a KFERQ-like
these two proteins in the cytoplasm of the hippocampal neurons in the motif, which makes it recognizable by HSC70 for degradation by
DG region (Fig. 5F and G). These results suggest that DFX exposure may CMA. CMA dysfunction can lead to lipofuscin deposition in cells [26]. To
induce neuronal apoptosis in the hippocampus of mice due to CMA determine whether CMA dysfunction was the underlying mechanism of
dysfunction. DFX-induced neuronal apoptosis, fuchsin-aldehyde staining was used to
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assess the lipofuscin levels in the hippocampal neurons. Comparing
DFX-exposed mice to the control group revealed a notable increase in
lipofuscin deposition within the neurons of the hippocampal DG region
(Fig. 5H and I). These findings suggest that DFX exposure may induce
neuronal apoptosis in the hippocampus due to impaired CMA function.

3.8. DFX exposure leads to ultrastructural changes in the hippocampal
neurons of mice

To understand the role of CMA dysfunction in DFX-induced neuronal

apoptosis in the hippocampus, we used transmission electron micro-
scopy to examine ultrastructural changes in the neurons (Fig. 6A). Our
results indicated lipofuscin in the cytoplasm of neurons from DFX-
exposed mice, confirming the fuchsin-aldehyde staining findings
(Fig. 6B). In comparison with control mice, DFX-exposed mice had no
autophagosomes and fewer autolysosomes in their hippocampal neu-
rons (Fig. 6C and D). Primary lysosomes, newly formed by the Golgi
apparatus, contain hydrolases that have not yet started their digestive
functions, whereas autolysosomes contain hydrolases and substrates
undergoing digestion. This suggests that DFX causes CMA dysfunction
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and autophagy issues. Additionally, we observed notable dilation of the
rough endoplasmic reticulum (Fig. 6E) and other pathological changes,
such as cell membrane damage, mitochondrial swelling, and nuclear
irregularities in the hippocampal neurons of DFX-exposed mice. Overall,
these ultrastructural changes indicate that DFX-induced neuronal
apoptosis is linked to CMA dysfunction.

3.9. DFX exposure induces CMA dysfunction and leads to apoptosis in
vitro

To determine whether DFX exposure directly impairs neuronal cells,
we used the mouse pheochromocytoma cell line PC12 and the mouse
microglia cell line N9 to assess neurotoxic effects and examine the
mechanism of CMA dysfunction in vitro. Our results revealed that DFX
exposure caused significant cytotoxicity in the PC12 and N9 cell lines
(Fig. 7A and B). Additionally, DFX activated apoptotic-related proteins
(Fig. 7C), including increased levels of cleaved caspase-3 and cleaved
PARP (Fig. 7D and E). DFX raised the levels of cleaved caspase-9 and
Bax, which are linked to mitochondrial apoptosis [36], suggesting that
DFX-induced apoptosis may involve mitochondrial activation (Fig. 7F
and G). While DFX did not change the levels of LC3-I and LC3-II, it
significantly reduced HSC70 and Lamp2A, two CMA-related proteins

(Fig. 7H-J). This suggests that DFX exposure leads to CMA dysfunction
and apoptosis in neuronal cell lines. To further confirm the role of CMA
dysfunction, we used AR7, a specific CMA agonist. Pretreatment of
PC12 cells with AR7 significantly reversed DFX-induced apoptosis
(Fig. 7K and L) and restored the levels of HSC70 and Lamp2A that DFX
had decreased (Fig. 7M — O). Overall, these results support the
conclusion that DFX-induced neurotoxicity is linked to neuronal
apoptosis due to CMA dysfunction.

4. Discussion

In recent decades, neurological disorders have become the primary
cause of disability-adjusted life years worldwide [37], with irreversible
neuronal impairment from adverse drug events playing a significant
pathogenic role [16,38-41]. Therefore, a thorough evaluation of the
neurotoxic effects associated with clinical pharmacotherapy, along with
a detailed elucidation of the underlying toxicological mechanisms, is
crucial for preventing significant neurological adverse events and miti-
gating the overall impact on patient health.

DFX is a natural medication used clinically in hematology for treat-
ing acute iron intoxication and chronic iron overload [1,2]. Although
various neurological adverse events have been reported, such as
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neuropathies affecting the optical, olfactory, and auditory systems, as
well as acute respiratory distress syndrome, these clinical manifestations
closely resemble those of iron poisoning, making them challenging to
differentiate [17]. Additionally, other severe neurotoxic adverse events,
including symptoms such as lethargy, anorexia, transient confusion, and
coma, have been documented during the clinical use of DFX [42-44].
Thus, further research is required to clarify whether these neurotoxic
adverse events are solely attributable to DFX exposure and to determine
the potential impact of DFX on other neurological functions.

In the present study, mice exposed to DFX were able to indepen-
dently complete the behavioral tests requiring good vision and physical
fitness, such as the Y maze, MWM, and NOR test. This indicates that DFX
exposure does not cause damage to the optic nerve or severe neuro-
toxicity such as dizziness, convulsions, or coma, suggesting that these
severe adverse events during DFX therapy might not be related to DFX
exposure but rather to iron poisoning.

The behavioral tests showed that long-term DFX exposure could lead
to significant anxious and depressive behaviors and impaired learning,
short-term memory, and working memory in mice. This suggests that
DFX exposure could lead to emotional and cognitive dysfunction in
mice. Although we found that DFX-exposed mice had lower hemoglobin
levels, which can cause fatigue and may affect the results of behavioral
tests, there was no significant difference in swimming velocity in the
MWM and average velocity in the OFT. These results indicated that the
DFX-induced decrease in hemoglobin did not result in significant dif-
ferences in physical fitness between the control and treatment groups.
The depressive behaviors and decreased cognitive function were not
related to fatigue but rather to the neurological disorders caused by DFX.

In the current study, DFX exposure significantly decreased iron levels
in the peripheral and central nervous systems. Since iron deficiency
directly causes neurological dysfunction [45-47], our study suggests
that DFX-induced neurotoxicity might be related to iron chelation-in-
duced neuronal iron deficiency, leading to CMA dysfunction and
neuronal apoptosis in the hippocampus. While there is currently no
literature addressing whether DFX exposure in patients with iron
toxicity and chronic iron overload can lead to iron deficiency, our
findings suggest that dynamic monitoring of the iron levels of patients
during DFX treatment is essential. This vigilance helps prevent iron
deficiency resulting from excessive DFX use and protects the nervous
systems of patients. Additionally, given the heightened risk of suicide
linked to depression, it is critical to assess the mental health status and
cognitive function of patients undergoing DFX treatment. Our findings
highlight the necessity of establishing a more realistic mouse model of
iron overload for future investigations into the long-term toxicity of
DFX.

The mechanisms underlying DFX-induced neurotoxicity have been
associated with disturbances in other essential transition elements
resulting from iron chelation (Deravi, 2014). DFX not only chelates iron
ions but also promotes the excretion of zinc and copper [48]. Since the
proper functioning of the outer retina and the retinal pigment epithe-
lium relies on adequate concentrations of essential trace elements,
particularly copper, the mechanisms of optic neuropathy linked to DFX
may be related to deficiencies in zinc and copper (Deravi, 2014; [49]).
Additionally, elevated levels of aluminum in cerebrospinal fluid from
DFX exposure have been suggested to contribute to the observed
neurological deterioration (Ellenberg, 1990; [18]). However, it remains
unclear whether DFX exposure can directly impair neurons, and the
specific underlying toxicological mechanisms of neurotoxicity require
further investigation. This study explored the in vitro cytotoxic effects of
DFX on neuronal PC12 cells and microglia N9 cells, revealing that the
iron-chelating properties of DFX could directly harm neuronal cells. The
underlying toxicological mechanism of DFX was found to be CMA dys-
function-associated neuronal apoptosis in the hippocampus. The
reversible nature of apoptosis and the recovery of CMA-related proteins
by pretreatment with AR7 confirmed this result.
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5. Conclusions

Our findings provide compelling evidence that DFX exposure can
directly impair neuronal function and lead to significant emotional and
cognitive dysfunction in mice. The dysfunction of CMA-induced
neuronal apoptosis in the hippocampus plays a pathogenic role in the
emotional and cognitive impairments associated with DFX exposure.
This study not only emphasizes the importance of regularly monitoring
iron levels, as well as the mental health and cognitive function of pa-
tients, to prevent severe, irreversible neuropathy from DFX exposure,
but also elucidates the underlying toxicological mechanisms of neuro-
toxicity. This understanding could pave the way for developing treat-
ments aimed at alleviating severe neurological adverse events,
ultimately improving the quality of life for patients.
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Bag-1 Bcl-2-associated athanogene 1 protein
Caspase3 cleaved cysteinyl aspartate specific protein-3

CMA chaperon mediated autophagy

DA dopamine

DFX Deferoxamine mesylate

DG dentate gyrus

DMSO  dimethylsulfoxide

ECL, enhance chemiluminescence

ESI electrospray ionization

FST forced swimming test

HSP heat shock protein

Hsc70  heat shock cognate protein of 71 KDa
ICP-MS inductively coupled plasma mass spectrometry
IS internal standard

Lamp2A lysosome associated membrane protein 2A



H. Zhang et al.

LC3 microtubule-associated protein 1 light chain 3

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide

MWM  Morris water maze

NE noradrenaline

NOR Novel object recognition test

OFT open field test

PARP poly ADP-ribose polymerase

RI recognition index

Tn total exploration time of novel object

Tf total exploration time of familiar object

TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling

TST tail suspension test

5-HT 5-hydroxytryptamine
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