
Recombinant Annexin A5 Alleviates Aluminum 
Chloride-Induced Cytotoxicity, Mitochondrial 
Dysfunction, and Apoptotic Signaling in 
SH-SY5Y Cells

Abstract
Background: Aluminum contributes to neurodegeneration by 
inducing oxidative stress, disrupting mitochondrial membrane 
potential (MMP), and triggering apoptotic signaling cascades. 
Annexin A5 (ANXA5) is implicated in membrane repair, ion 
transport regulation, and neuroprotection. This study aimed 
to evaluate whether ANXA5 can mitigate aluminum-induced 
cytotoxicity in SH-SY5Y cells. 
Methods: This in vitro study was conducted at Shiraz 
University of Medical Sciences, Shiraz, Iran, during 2023-2024. 
A recombinant ANXA5 was expressed in Escherichia coli and 
purified. The functional integrity of the purified ANXA5 was 
evaluated by assessing its ability to recognize apoptotic cells. The 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay, Rhodamine 123 staining, DNA fragmentation 
assay, and real-time polymerase chain reaction (real-time PCR) 
were used to assess the effects of aluminum chloride (AlCl3) 
and ANXA5 on cell viability, MMP, DNA damage, and gene 
expression, respectively. Statistical analysis was conducted 
using SPSS software (version 16). One-way analysis of variance 
followed by Tukey’s post-hoc test was employed for data 
analysis. Statistical significance was determined at P<0.05.
Results: Electrophoresis confirmed ANXA5 expression and 
purification. Purified ANXA5 successfully detected apoptotic 
cells, confirming the preservation of its functional activity after 
purification. AlCl3 reduced the viability of SH-SY5Y cells in 
a dose-dependent manner (IC50=450 µM). ANXA5 (1 µg/mL) 
reduced the cytotoxic effects of AlCl3. In addition, ANXA5 (1 µg/
mL) reduced the percentage of cells with low MMP, decreased DNA 
fragmentation, and Bax expression induced by AlCl3 (P<0.001). 
Conclusion: These findings demonstrated that ANXA5 
provided significant protection against AlCl3-induced cellular 
damage, including cytotoxicity, mitochondrial dysfunction, 
DNA fragmentation, and the expression of pro-apoptotic genes.
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What’s Known

•	 Aluminum chloride (AlCl3) is a 
neurotoxic agent.
•	 Annexin A5 has neuroprotective 
effects.

What’s New

•	 Annexin A5 reduced AlCl3-induced 
cell death in SH-SY5Y cells.
•	 Annexin A5 suppressed the apoptotic 
effects of AlCl3 in SH-SY5Y cells.
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Introduction

Neurodegenerative diseases (NDs) constitute an escalating 
global health challenge, with their prevalence projected to 
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surpass 150 million cases by 2060.1 A defining 
characteristic of NDs is the progressive loss 
of neuronal cells, primarily driven by oxidative 
stress, mitochondrial dysfunction, calcium 
dysregulation, and activation of apoptotic 
pathways.2 The pathogenesis of these 
disorders is believed to involve a complex 
interplay between genetic predispositions 
and environmental factors.3 Among the 
environmental contributors, aluminum toxicity 
has garnered considerable attention. Both 
environmental and occupational exposures 
to aluminum compounds have been linked 
to an increased risk of neurodegeneration.4 
Notably, elevated aluminum accumulation 
has been detected in the brains of patients 
suffering from NDs. Experimental studies 
using cellular and animal models have further 
demonstrated that aluminum contributes to 
neuronal death by inducing oxidative stress, 
disrupting mitochondrial membrane potential 
(MMP), dysregulating g intracellular Ca2+ 
homeostasis, and triggering apoptotic signaling 
cascades.5-7 Collectively, these findings 
supported a contributory role for aluminum in 
the pathophysiology of neuronal loss observed 
in neurodegenerative conditions.

Annexin A5 (ANXA5) is a multifunctional 
calcium-binding protein implicated in diverse 
cellular processes, including membrane 
repair, ion transport regulation, apoptosis, 
and inflammatory responses.8 Beyond these 
functions, ANXA5 exerts cytoprotective effects 
by attenuating the accumulation of reactive 
oxygen species, stabilizing mitochondrial 
function, and modulating apoptotic signaling 
pathways to promote cell survival.6 Importantly, 
ANXA5 binds to phosphatidylserine residues 
exposed on the outer leaflet of the plasma 
membrane of apoptotic cells, which has 
facilitated its widespread use as a sensitive 
probe for apoptosis detection.9 In recent years, 
researchers have increasingly characterized 
ANXA5 as a neuroprotective protein capable 
of ameliorating neuronal damage in models of 
Alzheimer’s disease and traumatic brain injury.10, 11  
Its protective potential has been demonstrated in 
other models of neuronal toxicity, where ANXA5 
restored mitochondrial function and reduced 
apoptosis.12 

Building on these findings, the present study 
investigated whether ANXA5 could attenuate 
aluminum-induced cytotoxicity in SH-SY5Y 
neuroblastoma cells. To better understand 
putative neuroprotective mechanisms of ANXA5, 
we examined its effects on DNA fragmentation, 
mitochondrial membrane integrity, and 
apoptosis.

Materials and Methods

This in vitro study was conducted in the 
Department of Clinical Laboratory Sciences at 
Shiraz University of Medical Sciences, Shiraz, 
Iran, between January 2023 and December 
2024. The study was approved by the Ethics 
Committee of Shiraz University of Medical 
Sciences (IR.SUMS.REC.1399.29).

ANXA5 Expression and Purification 
Recombinant human ANXA5 was expressed 

and purified as described previously.6 In brief, 
the pET28a vector containing the codon-
optimized ANXA5 coding sequence (Shinegene; 
China) was transformed into Escherichia coli 
BL21(DE3) cells (Invitrogen, USA) via the heat 
shock method.6 Transformed bacteria were 
grown in Luria-Bertani broth (Difco, BD, UK) 
supplemented with 70 μg/mL kanamycin (Sigma-
Aldrich, USA) for 16 hours at 37 °C. To promote 
protein expression, 0.1 mM isopropyl β- d-1-
thiogalactopyranoside (IPTG; CinnaClon, Iran) 
was added, and the culture was incubated at 
25 °C for 20 hours. After induction, the bacterial 
cells were centrifuged and lysed by sonication 
in phosphate-buffered saline (PBS) lysis buffer 
containing 2 M urea, 15 mM imidazole, 10% 
glycerol, 1% Triton X-100, and 5% isopropanol 
(pH=8.0). The lysate was centrifuged to remove 
insoluble debris, and the supernatant containing 
soluble proteins was purified with Ni-NTA affinity 
chromatography (QIAGEN, Netherlands). The 
purified ANXA5 protein was then dialyzed 
against 1,000 mL of carbonate-bicarbonate 
buffer (pH=9.09.6) using a SnakeSkin dialysis 
membrane (Thermo Scientific, Germany) to 
remove impurities and exchange the buffer. 
The purity and concentration of ANXA5 
were evaluated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-
PAGE) analysis and a Bradford assay.6

Assessment of the Apoptosis-Detecting 
Capability of ANXA5

To evaluate the functional ability of the purified 
ANXA5, its capacity to bind to apoptotic cells 
was assessed as previously described.9 For this 
purpose, purified ANXA5 was conjugated with 
fluorescein isothiocyanate (FITC; SigmaAldrich, 
USA). The reaction was carried out by 
incubating ANXA5 in 0.1 M sodium bicarbonate 
buffer (pH=8.5) with an FITC solution dissolved 
in DMSO overnight at room temperature in the 
dark. The unreacted FITC was removed by 
dialysis, and the ANXA5-FITC conjugate was 
purified using size-exclusion chromatography.

The human leukemia cell line NALM6 was used 
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as an established model for evaluating ANXA5–
phosphatidylserine binding activity.13 Cells were 
cultured in RPMI1640 medium supplemented with 
10% fetal bovine serum (FBBS; Gibco, USA) at 
37 °C in a humidified atmosphere containing 5% 
CO2. Apoptosis was induced by exposing the cells 
to 56 °C for 10 min to promote phosphatidylserine 
externalization. After induction, the cells were 
washed with binding buffer and incubated 
with FITClabeled ANXA5 under standard 
calciumdependent binding conditions in the dark 
for 10 min. The binding of ANXA5 to apoptotic 
cells was then assessed using flow cytometry 
(FACSCalibur, BD Biosciences, USA).

SH-SY5Y Cells Culture
SH-SY5Y cells (Pasteur Institute, Tehran, 

Iran) were cultured in high-glucose Dulbecco’s 
modified Eagle Medium (DMEM; Invitrogen, 
USA) containing 10% fetal bovine serum FBS 
and antibiotics (100 U/mL penicillin and 100 
µg/mL streptomycin, Gibco, USA). Cells were 
maintained in a humidified incubator at 37°C 
with 5% CO2.6

Cell Viability Assay
SH-SY5Y cells were treated with various 

concentrations of AlCl3 and/or ANXA5 for 24 hours. 
After treatment, 10 µL of 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
solution (5 mg/mL in PBS) was added to 
each well, and the cells were incubated for an 
additional 4 hours at 37°C. Following incubation, 
the medium was gently removed, and 100 µL 
of dimethyl sulfoxide (DMSO; Sigma-Aldrich, 
USA) was added to dissolve the formazan 
crystals. The absorbance was then measured at 
570 nm using a microplate reader. Cell viability 
was expressed as a percentage relative to the 
untreated control cells.14

Mitochondrial Membrane Potential Assessment
Rhodamine 123 (Rh123) staining was used 

to detect changes in MMP.14 Rh123 accumulates 
in mitochondria with intact membranes and 
high MMP, where it fluoresces upon excitation. 
In this method, the cells were categorized into 
two groups with low MMP (low fluorescence) 
and high MMP (high fluorescence). In brief, 
SH-SY5Y cells (3×105) were treated with 
different concentrations of AlCl3, either alone 
or in combination with ANXA5 (1 µg/mL), for 24 
hours. After treatment, the cells were washed 
with PBS. Then, the cells were stained with 
Rh123 solution (2 µg/mL) in the dark at 37°C for 
30 min. After incubation, the cells were washed 
again with PBS, and fluorescence intensity 
was measured with excitation at 490 nm and 

emission detection at 520 nm (FL-1 channel) on 
a FACS Calibur (BD).

DNA Fragmentation Assay 
SH-SY5Y cells were grown on 6-cm plates 

with a density of 6×106 cells per plate and 
subjected to 450 μM AlCl3, with or without the 
addition of 1 µg/mL ANXA5, for 24 hours. After 
treatment, the cells were collected, washed with 
PBS, and lysed with 500 µL of saponin for 30 
min at room temperature. The genomic DNA 
was then extracted with a 25:24:1 (v/v/v) solution 
of phenol, chloroform, and isoamyl alcohol, 
followed by ethanol precipitation. The DNA 
pellet was resuspended in Tris-EDTA buffer 
containing 20 µg/mL RNase. DNA concentration 
was determined using spectrophotometry. The 
purified genomic DNA samples were separated 
on a 1.0% agarose gel with 1 μg/mL safe dye. 
The DNA bands were visualized under UV light.6

Gene Expression Evaluation
The cells were treated with AlCl3 (450 μM) 

or ANXA5 (1 μg/mL), either individually or in 
combination, for 24 hours. RNA extraction was 
carried out using TRIzol (CinnaClone, Iran). The 
synthesis of cDNA was executed utilizing the 
CinnaClone cDNA kit. Real-time polymerase 
chain reaction (real-time PCR) was performed 
with the cDNA and specific primers.6 Real-time 
PCR using the Rotor-Gene Q system (QIAGEN, 
USA) was utilized to investigate the effects of 
the treatments on the expression of Bax and 
Bcl-2. The PCR conditions comprised an initial 
denaturation step at 95 °C for 30 seconds, 
followed by 40 cycles of denaturation at 95 °C  
for 30 seconds, annealing at 58 °C for 30 
seconds, and extension at 72 °C for 30 seconds. 
A final extension step was performed at 72 °C 
for 30 seconds. The housekeeping TATA binding 
protein (TBP) gene was used to calculate fold 
change using the 2−ΔΔCT method.

Statistical Analysis
The normal distribution of the data was 

evaluated using the Shapiro-Wilk test. The 
presence of significant differences between the 
groups for variables with a normal distribution 
was evaluated using a one-way analysis of 
variance (ANOVA) followed by Tukey’s post 
hoc test. Interaction effects between AlCl3 
and ANXA5 were evaluated using a two-way 
ANOVA. Significant interactions identified by 
two-way ANOVA were further analyzed using 
Tukey’s post hoc test. P values less than 0.05 
were considered statistically significant. SPSS 
software (version 21, IBM, USA) was used for 
data analysis.
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Results

Expression and Purification of ANXA5 
Recombinant ANXA5 was overexpressed 

using 0.5 mM IPTG at 37°C for 4 hours. The 
expressed protein was purified using Ni-NTA 
affinity chromatography. SDS-PAGE verified that 
ANXA5 was successfully expressed and purified, 
with a clear band at the predicted molecular weight 
of approximately 35 kDa (figure 1). The final 
concentration of purified ANXA5 was 1.1 mg/mL. 

Evaluation of the Apoptotic Cell Detection 
Capability of Purified ANXA5

To confirm the functional integrity of the 
purified ANXA5, its capacity to recognize 
apoptotic cells, a well-characterized property, 
was assessed. As illustrated in figure 2, 
purified ANXA5 detected a significantly higher 
proportion of apoptotic cells in the heat-treated 
group (Panel B) than the untreated control group, 
indicating that the protein retained its apoptotic 
cell-binding activity post-purification.

MTT Assay to Evaluate the Neuroprotective 
Effect of ANXA5 on SH-SY5Y

As indicated in figure 3A, AlCl3 decreased 
the viability of SH-SY5Y cells in a dose-
dependent manner. The findings were fitted to a 
logarithmic scale, and the IC50 was determined 
to be 450 µM. ANXA5 did not significantly affect 
the viability of SH-SY5Y cells at concentrations 
up to 20 µg/L. Two-way ANOVA, followed by 
Tukey’s multiple comparison post hoc test, was 
used to determine the interaction between AlCl3 
and ANXA5. When the cells were treated with 
AlCl3 (450 µM) and ANXA5 (1 µg/L) for 24 hours, 
ANXA5 significantly attenuated the cytotoxic 

effects of AlCl3 (F=9.329, P=0.012; figure 3B).

ANXA5 Protected Against AlCl3-Induced 
Mitochondrial Membrane Potential Loss

The impact of the treatments on the MMP 
of SH-SY5Y cells is illustrated in figure 4. Flow 
cytometry plots demonstrated the categorization 
of the SH-SY5Y cells into low MMP (N1) and 
high MMP (N2) cells. In the control and ANXA5 
groups, the mean proportion of N2 cells was 
substantially higher than that of N1 cells, 
indicating a greater number of cells with high MMP.  

Figure1  : Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis revealed the expression of Annexin A5. The 
expression of Annexin A5 was induced by IPTG (1 mM). 
Lane 1: molecular weight marker, Lane 2: IPTG-induced 
condition, Lane 3: Uninduced condition. IPTG: isopropyl 
β- d-1-thiogalactopyranoside

Figure 2: Flow cytometry revealed the binding of FITC-labeled ANXA5 to apoptotic cells. Apoptosis was induced by exposing 
NALM-6 cells to 56 °C for 10 min. The extent of apoptosis and the binding of FITC-labeled ANXA5 were assessed using flow 
cytometry (FACSCalibur, BD Biosciences). Panel A shows the control (untreated) group, while panel B represents the heat-
treated apoptotic group. FITC: Fluorescein isothiocyanate; ANXA5: Annexin A5
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In SH-SY5Y cells treated with different 
concentrations of AlCl3, the percentage of 
N1 cells exceeded that of N2 cells in a dose-
dependent manner, indicating an increased 
number of cells experiencing MMP loss 
compared to the control group (P<0.001). 
When SH-SY5Y cells were treated with ANXA5  
(1 µg/mL) and AlCl3 (450 µM), two-way ANOVA 
analysis revealed that the proportion of N1 cells 

dropped significantly compared to those treated 
with AlCl3 alone (F=10.984, P=0.007), indicating 
the protective properties of ANXA5 against 
AlCl3-induced MMP loss.

ANXA5 Decreased AlCl3-Induced DNA Damage 
To investigate the effect of ANXA5 on 

AlCl3-induced DNA fragmentation, SH-SY5Y 
cells were treated with AlCl3 (450 µM),  

Figure 3: (A) SH-SY5Y cells were treated with different concentrations of AlCl3 for 24 hours, and the cell viability was measured 
using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. To determine the presence of a significant 
difference between groups, a one-way ANOVA test was employed, followed by a Tukey’s multiple comparisons test. **P<0.01 
and ***P<0.001 compared to the control group. (B) To determine the interaction between Annexin A5(ANXA5) and AlCl3 on 
cell viability, the cells were treated with AlCl3 (450 µM) in the presence or absence of ANXA5(1µg/mL) for 24 hours, and the 
cell viability was measured using the MTT assay. A two-way ANOVA, followed by Tukey’s multiple comparisons post hoc test, 
was used to determine the interaction between AlCl3 and ANXA5. ***P<0.001 compared to the control group and #P=0.012 
compared to the SH-SY5Y cells treated with AlCl3 (450 µM) alone. ANOVA: Analysis of variance; ANXA5: Annexin A5; AlCl3: 
Aluminum chloride; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

Figure 4: ANXA5 reversed the effects of AlCl3 on mitochondrial membrane potential in SHSY-5Y cells. The cells were treated 
with various concentrations of AlC3 in the presence and absence of ANXA5, and the number of cells with low MMP (N1) and 
high MMP (N2) was counted using Rh123 staining. Panel A: Control, B: ANXA5 (1 µg/mL), C: AlCl3 (450 µM), D: AlCl3 (600 µM), 
E: AlCl3 (800 µM), and F: ANXA5 (1 µg/mL) and AlCl3 (450 µM). The effects of various concentrations of AlCl3 on the MMP were 
analyzed using a one-way ANOVA, followed by Tukey’s multiple comparisons post hoc test. ***P<0.001 compared to the control 
group. The interaction between ANXA5 and AlCl3 on the MMP was evaluated using a two-way ANOVA, followed by Tukey’s 
multiple comparisons post hoc test. ###P=0.007 compared to AlCl3 groups. ANOVA: Analysis of variance; ANXA5: Annexin A5; 
MMP: Mitochondria membrane potential; AlCl3: Aluminum chloride
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ANXA5 (1 µg/mL), or a combination of 
both for 24 hours. Analysis by agarose gel 
electrophoresis demonstrated that AlCl3 
treatment led to significant DNA fragmentation, 
indicative of apoptosis. In contrast, treatment 
with ANXA5 alone did not cause noticeable 
DNA fragmentation. Importantly, co-treatment 
with ANXA5 (1 µg/mL) substantially reduced 
the DNA fragmentation induced by AlCl3, 
suggesting a protective effect of ANXA5 
against AlCl3-mediated apoptotic DNA damage 
(figure 5).

ANXA5 alters AlCl3-Induced changes in 
apoptotic gene expression 

The interaction between ANXA5 and AlCl3 on 
apoptotic markers, Bax and Bcl-2 mRNA, was 
evaluated using two-way ANOVA. As shown in 
figure 6, a strong significant effect of AlCl3 on 
increasing Bax expression (F=34.328, P=0.001) 
and an ANXA5×AlCl3 interaction on decreasing 
Bax (F=20.76, P=0.004) were observed, 
indicating inhibitory effects of ANXA5 on AlCl3-
induced Bax expression. In contrast, analysis 
of the Bcl-2 expression revealed no significant 
main effects of ANXA5 (F=0.002, P=0.966), 
AlCl3 (F=0.002, P=0.966), and ANXA5×AlCl3 
interaction (F=0.993, P=0.358) on Bcl-2 
expression. 

Discussion

The present study demonstrated that purified 
recombinant ANXA5 exerted significant 
protective effects against AlCl3-induced 
neurotoxicity in SH-SY5Y neuroblastoma 
cells. Exposure to AlCl3 induced cytotoxicity, 
MMP loss, DNA fragmentation, increased 
Bax expression, and cell death. In contrast, 
ANXA5 markedly attenuated AlCl3-induced 
injury by preserving mitochondrial function, 
reducing DNA fragmentation, suppressing Bax 
expression, and improving overall cell viability, 
suggesting a strong neuroprotective role 
against aluminum-induced cellular damage. 
These findings were consistent with previous 

Figure 5: ANXA5 reversed the effects of AlCl3 on DNA 
damage in SH-SY5Y cells. A DNA fragmentation assay 
was performed on SH-SY5Y cells (6×106) treated with 1 μg/
mL ANXA5 with or without 450 μM AlCl3. Lane 1: Untreated 
control group; Lane 2: ANXA5 group; Lane 3: AlCl3 group; 
Lane 4: AlCl3+ANXA5 group; M: Molecular weight marker; 
ANXA5: Annexin A5; AlCl3; Aluminum chloride

Figure 6: ANXA5 reversed the effects of AlCl3 on Bax Expression. SH-SY5Y cells were treated with AlCl3 and ANXA5 alone or 
together, and the levels of Bax and Bcl-2 mRNA were measured using real-time PCR. Statistical comparisons were performed 
using two-way ANOVA with ANXA5 and AlCl3 as fixed factors. Tukey post hoc test was used for multiple comparisons. Data are 
reported as mean±SD. ***P=0.001 compared to the control group, ###P=0.004 compared to AlCl3 group. ANOVA: Analysis of 
variance; ANXA5: Annexin A5; AlCl3: Aluminum chloride; PCR: Polymerase chain reaction
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studies, which indicated that aluminum-
associated neurotoxicity was mediated through 
several interrelated mechanisms, including 
mitochondrial impairment and activation of pro-
apoptotic pathways.15-18 This further supported 
the robustness of AlCl3-induced cellular 
damage in SH-SY5Y cells as an in vitro model 
of neurotoxicity.19 

In the present study, recombinant ANXA5, a 
calcium-binding protein well-known for its ability 
to recognize and bind to phosphatidylserine 
exposed on the cell surface of apoptotic cells, 
was produced and purified.20 Therefore, this 
property was used to verify the activity of the 
purified ANXA5. The results demonstrated 
that FITC-ANXA5 bound to phosphatidylserine 
exposed on the outer membrane of the apoptotic 
cells. This confirmed that ANXA5 maintained 
its biological integrity and functionality post-
purification, which is essential for its use in 
downstream functional assays. 

AlCl3 reduces the viability of SH-SY5Y 
cells with an IC50 of 450 µM, consistent with its 
known neurotoxic properties, likely mediated via 
mitochondrial damage and oxidative damage 
to biomolecules.21 These changes closely 
resemble the pathological alterations observed 
in NDs. Rather and colleagues reported that 
AlCl3 exposure induced DNA damage and 
mitochondrial impairment in neuroblastoma cell 
lines.22 The observed DNA fragmentation in our 
study was consistent with these findings and 
suggested that oxidative DNA damage was a 
critical step in aluminum-induced cytotoxicity. 
Importantly, ANXA5 alone did not negatively 
impact cell viability, indicating a non-toxic 
profile, and it significantly reversed the effects 
of AlCl3. This protective effect might be linked to 
its membrane-stabilizing, anti-apoptotic, or anti-
inflammatory properties.20

Loss of MMP is a key event in initiating 
apoptosis.23 AlCl3 exposure increased the number 
of cells with low MMP, indicating mitochondrial 
damage. Previous studies demonstrated that 
AlCl3 disrupts mitochondrial integrity, leading to 
cytochrome c release and caspase activation.24 
Similarly, increased Bax expression indicated 
activation of the intrinsic apoptotic pathway, 
which was previously reported as a hallmark of 
AlCl3 neurotoxicity.24 Conversely, co-treatment 
with ANXA5 significantly reduced MMP 
loss, suggesting that ANXA5 helps maintain 
mitochondrial integrity under toxic stress. This 
effect might underlie the improved viability 
observed and highlights the importance of 
ANXA5 in preserving mitochondrial function, 
which is central to cell survival and energy 
homeostasis.23

DNA fragmentation, a hallmark of late-
stage apoptosis,25 was prominently induced by 
AlCl3 treatment, as observed in agarose gel 
electrophoresis. ANXA5 alone did not induce 
DNA fragmentation, confirming its non-apoptotic 
nature. More importantly, co-treatment with 
ANXA5 significantly reduced DNA fragmentation, 
reinforcing its anti-apoptotic effect. This 
suggested that ANXA5 might interfere with the 
execution phase of apoptosis, potentially by 
stabilizing membranes or modulating apoptotic 
signaling pathways. At the molecular level, AlCl3 
significantly upregulated the expression of Bax, 
a pro-apoptotic gene that promotes cell death, 
while having no significant effect on Bcl-2, an 
anti-apoptotic gene that inhibits cell death. The 
selective upregulation of Bax contributes to 
mitochondrial permeabilization and apoptosis 
initiation.26 Interestingly, ANXA5 alone did not 
alter the expression of either gene but effectively 
reversed the AlCl3-induced Bax upregulation. 
This indicates that ANXA5 acts specifically 
under stress conditions, potentially inhibiting 
upstream apoptotic signals triggered by AlCl3. 
These findings suggested a targeted modulatory 
role of ANXA5 on the Bax-dependent apoptotic 
pathway.

In addition to its anti-apoptotic and 
membrane-stabilizing effects, ANXA5 might 
protect against aluminum-induced neurotoxicity 
through its ability to modulate intracellular 
calcium homeostasis. Alpha-synuclein plays 
a central role in aluminum-induced toxicity, 
contributing to mitochondrial dysfunction and 
neuronal apoptosis.27 In that context, lithium and 
nimodipine were shown to mitigate aluminum 
toxicity, partly by regulating calcium influx and 
preventing calcium-mediated damage.7  Given 
that ANXA5 interacts with calcium, it might similarly 
help stabilize calcium levels under aluminum 
stress. Dysregulated calcium signaling is closely 
associated with α-synuclein aggregation, which 
exacerbates mitochondrial dysfunction and 
apoptosis. The potential of ANXA5 to regulate 
calcium homeostasis might interfere with this 
pathogenic cycle.28 This suggested that calcium 
regulation could be a key mechanism by which 
ANXA5 exerts neuroprotection. Further studies 
are required to investigate the role of ANXA5 in 
calcium handling, its interaction with synuclein 
aggregation, and its collective impact on 
aluminum-induced neurodegeneration.

These data provided evidence that ANXA5 
exerted a protective role against AlCl3-induced 
neurotoxicity through multiple mechanisms, 
including the preservation of mitochondrial 
integrity, reduction in DNA fragmentation, 
inhibition of Bax-mediated apoptotic signaling, 
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and improvement in overall cell viability. The 
multifaceted action of ANXA5 implied that 
it did not merely serve as a passive marker 
of apoptosis but might actively participate in 
membrane stabilization, signaling modulation, 
or inhibition of apoptosis progression. While 
these findings provided valuable insights into the 
protective effects of ANXA5 against aluminum 
toxicity, we acknowledge certain limitations. 
This study primarily focused on the expression 
of Bax and Bcl-2 at the mRNA level, and further 
investigation is required to confirm these effects 
at the protein level. Additionally, the precise 
molecular pathway mediating the protective 
effects of ANXA5 was not fully elucidated in 
this study. Therefore, future research should 
aim to address these aspects to provide a more 
comprehensive understanding of the mechanism 
of action of ANXA5 in this context. 

Conclusion 

This study highlighted the potential of ANXA5 
as a protective agent against aluminum-induced 
neurotoxicity, which might have implications for 
neurodegenerative disorders where aluminum 
accumulation and oxidative stress contribute 
to pathogenesis. Future studies should focus 
on mechanistic studies to elucidate the 
signaling targets of ANXA5, in vivo validation 
in animal models of neurodegeneration, 
dose optimization, and delivery strategies for 
therapeutic applications. The non-toxic nature 
and endogenous origin of ANXA5 further support 
its candidacy as a therapeutic molecule or 
delivery system in neuroprotective interventions. 

Acknowledgment

A part of this manuscript is derived from the 
MSc thesis of Seyyed Mojtaba Poorhashemi. 
The authors gratefully acknowledge the Vice-
Chancellor for Research Affairs of Shiraz 
University of Medical Sciences for financial 
support of this study (Grant No. 19927). We 
appreciate all the staff of the Diagnostic 
Laboratory Sciences and Technology Research 
Centre of Shiraz University of Medical Sciences 
for their technical assistance in this work. 

Authors’ Contribution

SM.P: Conceptualization, data gathering, 
data analysis, study design, investigation, 
drafting and reviewing the manuscript; M.M: 
Conceptualization, data gathering, data 
analysis, investigation, methodology, software, 
and drafting; M.A.T.: Conceptualization, data 

gathering, data analysis, study design, project 
administration, validation, investigation, drafting 
and reviewing the manuscript; All authors have 
read and approved the final manuscript and 
agree to be accountable for all aspects of the 
work in ensuring that questions related to the 
accuracy or integrity of any part of the work are 
appropriately investigated and resolved.

Declaration of AI

The authors acknowledge that ChatGPT5.4 was 
used for English language editing and improving 
the clarity of the text.

Conflict of Interest: None declared.

References

1	 Feigin VL, Vos T, Nichols E, Owolabi MO, 
Carroll WM, Dichgans M, et al. The global 
burden of neurological disorders: translat-
ing evidence into policy. Lancet Neurol. 
2020;19:255-65. doi: 10.1016/S1474-
4422(19)30411-9. PubMed PMID: 31813850; 
PubMed Central PMCID: PMC9945815.

2	 Tesco G, Lomoio S. Pathophysiology of 
neurodegenerative diseases: An inter-
play among axonal transport failure, oxi-
dative stress, and inflammation? Semin 
Immunol. 2022;59:101628. doi: 10.1016/j.
smim.2022.101628. PubMed PMID: 
35779975; PubMed Central PMCID: 
PMC9807734.

3	 Sakowski SA, Koubek EJ, Chen KS, Gout-
man SA, Feldman EL. Role of the Expo-
some in Neurodegenerative Disease: Recent 
Insights and Future Directions. Ann Neurol. 
2024;95:635-52. doi: 10.1002/ana.26897. 
PubMed PMID: 38411261; PubMed Central 
PMCID: PMC11023772.

4	 Soleimani H, Dehghani S, Abolli S, Alamdari 
HA, Gheisvandi O, Atlasi R, et al. Environ-
mental aluminum exposure and Alzheimer’s 
disease risk: Evidence from a systematic 
review and meta-analysis. Ecotoxicol Envi-
ron Saf. 2025;302:118759. doi: 10.1016/j.
ecoenv.2025.118759. PubMed PMID: 
40749395.

5	 Exley C, Clarkson E. Aluminium in human 
brain tissue from donors without neuro-
degenerative disease: A comparison with 
Alzheimer’s disease, multiple sclerosis 
and autism. Sci Rep. 2020;10:7770. doi: 
10.1038/s41598-020-64734-6. PubMed 
PMID: 32385326; PubMed Central PMCID: 
PMC7211005.

6	 Mehdieh M, Rafiei Dehbidi G, Morowvat MH, 



Poorhashemi SM, Mehdieh M, Takhshid MA

10� Iran J Med Sci

Safari F, Zare F, Rastegari B, et al. Annexin A5 
ameliorates H(2)O(2)-induced cytotoxicity in 
SH-SY5Y cells. Mol Biol Rep. 2025;52:653. 
doi: 10.1007/s11033-025-10726-6. PubMed 
PMID: 40581889.

7	 Saberzadeh J, Omrani M, Takhshid MA. 
Protective effects of nimodipine and lith-
ium against aluminum-induced cell death 
and oxidative stress in PC12 cells. Iran J 
Basic Med Sci. 2016;19:1251-7. PubMed 
PMID: 27917283; PubMed Central PMCID: 
PMC5126228.

8	 Gerke V, Gavins FNE, Geisow M, Grewal T, 
Jaiswal JK, Nylandsted J, et al. Annexins-
a family of proteins with distinctive tastes 
for cell signaling and membrane dynam-
ics. Nat Commun. 2024;15:1574. doi: 
10.1038/s41467-024-45954-0. PubMed 
PMID: 38383560; PubMed Central PMCID: 
PMC10882027.

9	 Abbady AQ, Twair A, Ali B, Murad H. Char-
acterization of Annexin V Fusion with the 
Superfolder GFP in Liposomes Binding 
and Apoptosis Detection. Front Physiol. 
2017;8:317. doi: 10.3389/fphys.2017.00317. 
PubMed PMID: 28579961; PubMed Central 
PMCID: PMC5437369.

10	 Gao Y, Zhang H, Wang J, Li F, Li X, Li T, 
et al. Annexin A5 ameliorates traumatic 
brain injury-induced neuroinflammation 
and neuronal ferroptosis by modulating the 
NF-kB/HMGB1 and Nrf2/HO-1 pathways. 
Int Immunopharmacol. 2023;114:109619. 
doi: 10.1016/j.intimp.2022.109619. PubMed 
PMID: 36700781.

11	 Bartolome F, Krzyzanowska A, de la Cueva 
M, Pascual C, Antequera D, Spuch C, et al. 
Annexin A5 prevents amyloid-beta-induced 
toxicity in choroid plexus: implication for 
Alzheimer’s disease. Sci Rep. 2020;10:9391. 
doi: 10.1038/s41598-020-66177-5. PubMed 
PMID: 32523019; PubMed Central PMCID: 
PMC7286910.

12	 Abedini Z, Mehdieh M, Takhshid MA. 
Annexin A5 Protects SH-SY5Y Cells 
against L-Glutamate-Induced Cytotoxic-
ity. Iran J Med Sci. 2025;50:863-72. doi: 
10.30476/ijms.2025.107503.4198. PubMed 
PMID: 41377899; PubMed Central PMCID: 
PMC12686954.

13	 Azizian M, Tamaddon GH, Ashrafi M, Cha-
hardahcherik M, Gharechahi F. Impact 
of carboxymethyl dextran-asparaginase 
in NALM-6 cell apoptosis and autoph-
agy. Iran J Vet Res. 2025;25:344-52. doi: 
10.22099/ijvr.2024.49166.7208. PubMed 
PMID: 40386102; PubMed Central PMCID: 
PMC12085209.

14	 Mahmoodazdeh A, Shafiee SM, Sisakht M, 
Khoshdel Z, Takhshid MA. Adrenomedul-
lin protects rat dorsal root ganglion neu-
rons against doxorubicin-induced toxic-
ity by ameliorating oxidative stress. Iran 
J Basic Med Sci. 2020;23:1197-206. doi: 
10.22038/ijbms.2020.45134.10514. PubMed 
PMID: 32963742; PubMed Central PMCID: 
PMC7491506.

15	 Rahman A, Banu Z. Impact of aluminium 
chloride (AlCl3) on brain function: a review 
of neurotoxic mechanisms and implications 
for Alzheimer’s disease. Trends Pharm Sci 
Technol. 2024;10:355-66.

16	 Ojetunde A. The neuroprotective and thera-
peutic effects of medicinal plants and natural 
products against aluminium chloride-induced 
Alzheimer’s disease: recent update. Biol 
Med Nat Prod Chem. 2024;13:7-33. doi: 
10.14421/biomedich.2024.131.7-33.

17	 Mesole SB, Alfred OO, Yusuf UA, Lukubi L, 
Ndhlovu D. Apoptotic Inducement of Neuro-
nal Cells by Aluminium Chloride and the Neu-
roprotective Effect of Eugenol in Wistar Rats. 
Oxid Med Cell Longev. 2020;2020:8425643. 
doi: 10.1155/2020/8425643. PubMed 
PMID: 32089784; PubMed Central PMCID: 
PMC7008282.

18	 Paul R, Firdous SM. Unraveling the molec-
ular mechanisms of aluminium chloride-
induced Alzheimer’s disease. Biometals. 
2026;39:539-64. doi: 10.1007/s10534-026-
00788-9. PubMed PMID: 41563682.

19	 Ghiasvand K, Amirfazli M, Moghimi P, Safari 
F, Takhshid MA. The role of neuron-like cell 
lines and primary neuron cell models in 
unraveling the complexity of neurodegen-
erative diseases: a comprehensive review. 
Mol Biol Rep. 2024;51:1024. doi: 10.1007/
s11033-024-09964-x. PubMed PMID: 
39340590.

20	 Vedeler A, Tartaglia GG, Pastore A. Annexin, 
a Protein for All Seasons: From Calcium 
Dependent Membrane Metabolism to RNA 
Recognition. Bioessays. 2025;47:e70019. 
doi: 10.1002/bies.70019. PubMed PMID: 
40350993; PubMed Central PMCID: 
PMC12183772.

21	 Checa J, Aran JM. Reactive Oxygen Species: 
Drivers of Physiological and Pathological 
Processes. J Inflamm Res. 2020;13:1057-
73. doi: 10.2147/JIR.S275595. PubMed 
PMID: 33293849; PubMed Central PMCID: 
PMC7719303.

22	 Ahmad Rather M, Justin Thenmozhi A, 
Manivasagam T, Nataraj J, Essa MM, Chi-
dambaram SB. Asiatic acid nullified alumin-
ium toxicity in in vitro model of Alzheimer’s 



Annexin A5 and aluminum neurotoxicity

Iran J Med Sci� 11

disease. Front Biosci (Elite Ed). 2018;10:287-
99. doi: 10.2741/e823. PubMed PMID: 
28930619.

23	 Zaib S, Hayyat A, Ali N, Gul A, Naveed M, 
Khan I. Role of Mitochondrial Membrane 
Potential and Lactate Dehydrogenase A in 
Apoptosis. Anticancer Agents Med Chem. 
2022;22:2048-62. doi: 10.2174/187152
0621666211126090906. PubMed PMID: 
34825878.

24	 Skalny AV, Aschner M, Jiang Y, Gluhcheva 
YG, Tizabi Y, Lobinski R, et al. Molecular 
mechanisms of aluminum neurotoxicity: 
Update on adverse effects and therapeutic 
strategies. Adv Neurotoxicol. 2021;5:1-34. 
doi: 10.1016/bs.ant.2020.12.001. PubMed 
PMID: 34263089; PubMed Central PMCID: 
PMC8276946.

25	 Majtnerova P, Rousar T. An overview of 
apoptosis assays detecting DNA fragmen-
tation. Mol Biol Rep. 2018;45:1469-78. 
doi: 10.1007/s11033-018-4258-9. PubMed 
PMID: 30022463.

26	 Grosser JA, Maes ME, Nickells RW. Char-
acteristics of intracellular propagation of 
mitochondrial BAX recruitment during 
apoptosis. Apoptosis. 2021;26:132-45. doi: 
10.1007/s10495-020-01654-w. PubMed 
PMID: 33426618; PubMed Central PMCID: 
PMC8082518.

27	 Demirel G, Sanajou S, Yirun A, Cakir DA, 
Berkkan A, Baydar T, et al. Evaluation of pos-
sible neuroprotective effects of virgin coco-
nut oil on aluminum-induced neurotoxicity 
in an in vitro Alzheimer’s disease model. J 
Appl Toxicol. 2024;44:609-22. doi: 10.1002/
jat.4564. PubMed PMID: 37989595.

28	 Oflaz FE, Bondarenko AI, Trenker M, 
Waldeck-Weiermair M, Gottschalk B, Bern-
hart E, et al. Annexin A5 controls VDAC1-
dependent mitochondrial Ca(2+) homeosta-
sis and determines cellular susceptibility to 
apoptosis. EMBO J. 2025;44:3413-47. doi: 
10.1038/s44318-025-00454-9. PubMed 
PMID: 40346273; PubMed Central PMCID: 
PMC12170872.


