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Summary 

Aging is a critical determinant of Alzheimer disease (AD) 

susceptibility and therapeutic responsiveness. The current study 

aimed to evaluate the effect of artesunate on attenuating 

streptozotocin (STZ)-induced Alzheimer-like pathology by 

modulating the ferroptosis-autophagy-mitochondrial redox axis. 

STZ-induced AD-like pathology was established in young and old 

mice, which were divided into control, AD, and AD + artesunate 

groups. Cognitive function was measured with the Morris Water 

Maze (MWM) test to evaluate spatial learning and memory and 

using the novel object recognition (NOR) test to assess 

recognition memory. Protein expression levels of ferroptosis-

related proteins (GPX4, SLC7A11, and ACSL4), autophagy 

proteins (LC3-I/II, Beclin-1, and p62), mitochondrial redox 

homeostasis and antioxidant defense proteins (SOD2 and HO-1), 

and synaptic integrity (PSD95 and synaptophysin) were 

evaluated. Artesunate significantly enhanced learning and 

memory in young AD mice, as evidenced by reduced escape 

latency and increased time spent in the target quadrant in the 

MWM, as well as a higher discrimination index in the NOR test. 

These behavioral improvements were associated with restored 

expression of GPX4 and SLC7A11 and suppression of ACSL4. 

These molecular changes were accompanied by a significant 

reduction in MDA and 4-HNE levels, enhanced autophagic flux 

(increased LC3-II/LC3-I ratio and Beclin-1 expression), and 

restoration of SOD2 and HO-1 levels. Moreover, artesunate 

reinstated synaptic integrity, as evidenced by increased 

expression of PSD95 and synaptophysin. Older AD mice showed 

slight cognitive recovery after artesunate administration, and 

exhibited poor performance in the MWM and NOR tests. Although 

targeting the ferroptosis-autophagy-mitochondrial redox axis 

represents a promising therapeutic strategy, aging significantly 

reduces molecular responsiveness and decreases treatment 

efficacy in AD. 
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Introduction 

 

Alzheimer disease (AD) is a multidimensional 

neurodegenerative disorder that is characterized by 

cognitive impairment, synaptic dysfunction, and selective 

neuron degeneration [1]. Even though amyloid-β 

deposition and tau hyperphosphorylation are still 

pathological hallmarks, there is growing evidence that 

disrupted cellular redox homeostasis, mitochondrial 

integrity, and regulated cell death pathways are the 

primary drivers of disease progression, especially in 

sporadic, late-onset AD [2,3]. The most common risk 

factor of AD is aging, which drastically changes all these 

interconnected pathways and makes the aged brain 

susceptible to oxidative damage and less responsive to 

therapeutic intervention [4]. 

https://creativecommons.org/licenses/by/4.0/
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Mitochondrial dysfunction is a chronic and early 

event in AD pathology that occurs before the 

development of plaques and tangles [5]. The dysfunction 

of the electron transport chain, decreased antioxidant 

capacity of mitochondria, and overproduction of reactive 

oxygen species (ROS) stimulate the oxidative injury of 

lipids, proteins, and nucleic acids [6]. The lipid 

peroxidation process is particularly harmful to the brain 

as it is rich in polyunsaturated fatty acids, which 

eventually affect the integrity of the membrane, synaptic 

signaling, and neuronal survival [7]. It is important to 

note that aging increases the redox dysfunction of 

mitochondria by inhibiting the activity of antioxidant 

enzymes including superoxide dismutase 2 (SOD2) and 

heme oxygenase-1 (HO-1), which enhances susceptibility 

to oxidative stress [8]. 

Ferroptosis is one of the emerging cell death 

mechanisms that have been implicated in the 

pathogenesis of AD [9]. Ferroptosis is an iron-dependent, 

non-apoptotic type of regulated cell death characterized 

by uncontrolled lipid peroxidation and breakdown of the 

glutathione-dependent antioxidant [10]. The basic 

molecular regulators of ferroptosis, such as glutathione 

peroxidase 4 (GPX4), cystine/glutamate antiporter 

SLC7A11, and acyl-CoA synthetase long-chain family 

member 4 (ACSL4), have been reported to be 

dysregulated in AD brains and experimental animal 

models [11] [12]. Depletion of GPX4 function or 

decrease of cystine uptake via SLC7A11 restricts the 

availability of glutathione, thereby inhibiting the 

detoxification of lipid hydroperoxides, whereas 

polyunsaturated fatty acids are incorporated into 

phospholipids by ACSL4, making membranes susceptible 

to peroxidative damage [13] [14]. There is mounting 

evidence that ferroptosis is involved in the pathogenesis 

of AD with regard to synaptic degeneration, neuronal 

loss, and cognitive impairment [15]. 

Autophagy is a vital cellular quality control 

process, which ensures neuronal homeostasis by damaged 

organelles, oxidized lipids, and misfolded proteins [16]. 

Malfunctioning autophagic flux is a characteristic feature 

of AD, which is also enhanced by age and results in the 

accumulation of malfunctioning mitochondria as well as 

oxidative products [17]. Notably, autophagy is 

mechanistically linked with ferroptosis by controlling 

cellular iron levels, lipid metabolism, and antioxidant 

response [18]. Induced ferritinophagy and other forms of 

autophagic processes can elevate the labile iron pools, 

which enhances ferroptotic signaling, and autophagy 

defects inhibit the ability of cells to clear oxidative 

damage [19]. Therefore, impairment of the ferroptosis-

autophagy axis leads to a feed-forward mechanism of 

mitochondrial malfunction and lipid peroxidation that 

promotes neurodegeneration [20]. 

The AD-like model induced by streptozotocin 

(STZ) reproduces the main characteristics of sporadic 

AD, such as brain insulin resistance, mitochondrial 

dysfunction, oxidative stress, synaptic loss, and cognitive 

impairment [21]. Notably, the pathology caused by STZ 

is closely related to increased lipid peroxidation, impaired 

antioxidant defenses, and dysregulated autophagy, which 

is why it is a valid model to study redox- and ferroptosis-

targeted therapeutic options in various age groups [22]. 

Artesunate is a semi-synthetic derivative of 

artemisinin and a clinically approved antimalarial drug 

that has become a pleiotropic regulator of redox 

signaling, autophagy, and regulated cell death [23]. In 

addition to its known antiparasitic effect, artesunate has 

strong antioxidant, anti-inflammatory, and cytoprotective 

potentials in various disease models [24]. Artesunate has 

been demonstrated to regulate ferroptosis by maintaining 

the activity of GPX4, iron homeostasis, and inhibiting 

lipid peroxidation [25]. Moreover, artesunate can 

promote autophagic flux and recover redox balance in 

mitochondria, which may imply its ability to disrupt the 

pathogenic ferroptosis-autophagy-mitochondrial axis, 

which underlies AD progression [26]. 

Importantly, to the best of our knowledge, this is 

the first study to directly compare the neuroprotective 

effects of artesunate in young versus aged STZ-induced 

Alzheimer-like mice, thereby addressing whether aging 

modulates the responsiveness of the ferroptosis-

autophagy-mitochondrial redox axis to pharmacological 

intervention. 

Nevertheless, the process of aging results in 

radical changes in cellular responses to stress, such as 

decreased efficiency of autophagic processes, decreased 

mitochondrial resistance, disrupted iron metabolism, and 

disturbed redox signaling [8]. This is because these age-

related changes can greatly compromise the 

neuroprotective properties of artesunate, which has not 

been actively investigated. The way in which aging 

modulates the molecular responsiveness of ferroptosis, 

autophagy and mitochondrial antioxidant systems to 

pharmacological therapy is important to translate 

neuroprotective findings into clinical therapies. 

This paper examined the effects of artesunate on 

STZ-induced AD-like pathology in young and old mice. 

Michal Ruzicka
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We particularly focused on the question of whether 

artesunate selectively regulates the ferroptosis-

autophagy-mitochondrial redox axis, and the relationship 

between the molecular alterations and cognitive 

performance and synapses. Through a combination of 

behavioral studies and molecular and biochemical 

measurements, this study offers a mechanistic 

understanding of how aging limits therapeutic 

responsiveness and ferroptosis-autophagy crosstalk as 

a potential promising, but age-sensitive, therapeutic target 

in Alzheimer disease. 

 

Materials and Methods 

 

Animals and ethical approval 

Male C57BL/6J mice were obtained from 

a certified animal facility and kept in pathogen-free 

conditions. The study was conducted using two age 

groups: young (3-4 months old; 25-30 g) and old mice  

(18-20 months old; 32-40 g). Animals were kept under 

controlled environmental conditions (12 h light/dark 

cycle, temperature 22±2 °C, humidity 50-60 % and ad 

libitum access to normal chow and water). The 

Laboratory Animal Ethics Committee, West China 

Hospital, Sichuan University (Ethics Approval 

No. 20251126017) approved all the experimental 

procedures, and the study followed the guidelines of the 

National Institutes of Health (NIH) on the care and use of 

laboratory animals. The reporting and the study design 

were in accordance with the ARRIVE guidelines. All 

efforts were made to minimize animal suffering and 

reduce the number of animals used. 

 

Randomization, experimental design, and blinding 

Mice were randomly placed in experimental 

groups (n=10 mice per group unless otherwise specified) 

based on computerized random number generator into the 

following age groups per age cohort:  

• Control group (vehicle-treated) 

• STZ-induced AD group  

• STZ + Artesunate-treated group 

Blinding was performed by ensuring that 

investigators conducting behavioral testing, tissue 

processing, biochemical assays, and data analysis were 

unaware of the treatment group assignments. A priori 

power analysis indicated a minimum detectable effect 

size of 20 %, with 80 % statistical power at α=0.05, 

which was used to determine sample size. 

 

Induction of sporadic Alzheimer-like pathology 

Streptozotocin (STZ) was administered 

intracerebroventricularly (ICV) to induce AD-like 

pathology in mice, which is a validated model of sporadic 

AD that is associated with brain insulin resistance, 

oxidative stress, loss of synapses, and cognitive 

impairment. 

Ketamine (100 mg/kg) and xylazine (10 mg/kg) 

were used to anesthetize mice and position them in 

a stereotaxic apparatus. STZ was dissolved in cold citrate 

buffer (0.05 M, pH 4.5) and injected bilaterally into the 

lateral ventricles at the dosage of 3 mg/kg, administered 

in two instances on day 1 and day 3. Relative to bregma, 

stereotaxic coordinates were anteroposterior -0.3 mm, 

mediolateral ±1.0 mm, dorsoventral -2.5 mm. The 

volume of each injection was 2 µl at 0.5 µl/min.  

An additional 2 min was allowed for the needle to remain 

in place to avoid backflow. Equivalent amounts of citrate 

buffer were administered to control animals. 

 

Artesunate treatment 

Artesunate (≥98 % purity) was dissolved in 

dimethyl sulfoxide (DMSO) and then diluted in sterile 

saline to a final DMSO concentration of less than 0.1 %. 

Artesunate was given at the dosage of 30 mg/kg/day 

intraperitoneally for 21 consecutive days starting 7 days 

after the last STZ injection to enable development of the 

AD-like pathology. The dose and treatment duration were 

chosen according to the published studies that showed 

effective redox signaling, autophagy, and ferroptosis 

modulation without any systemic toxicity. The STZ-only 

and control groups were given the same volume of vehicle. 

Following a 7-day interval after the final 

STZ injection, artesunate treatment was initiated on 

day 10 and continued daily until day 30. Behavioral 

assessments evaluating learning, memory, and cognitive 

function were conducted during the final week of the 

treatment period. Upon completion of behavioral testing, 

mice were euthanized, and brain tissues were harvested 

for subsequent biochemical, molecular, and 

histopathological analyses. 

 

Chloroquine treatment 

To assess autophagic flux in vivo, a subset of 

mice (n=5 per group) from each experimental group 

received chloroquine (CQ), a lysosomal inhibitor that 

blocks autophagosome-lysosome fusion and prevents 

lysosomal degradation of autophagic cargo. Chloroquine 

was administered intraperitoneally at a dose of 50 mg/kg 
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4 h prior to euthanasia. Following treatment, hippocampal 

tissues were harvested and processed for Western blot 

analysis of autophagy-related markers, including LC3-I/II 

and p62/SQSTM1. Autophagic flux was evaluated by 

comparing LC3-II accumulation in chloroquine-treated 

and untreated animals. An increase in LC3-II levels 

following chloroquine administration was interpreted as 

evidence of ongoing autophagic flux, whereas a lack of 

further LC3-II accumulation was considered indicative of 

impaired autophagic degradation. Changes in 

p62/SQSTM1 expression were assessed as 

a complementary marker of autophagic activity. 

 

Behavioral assessments 

The behavioral testing was carried during the 

light phase (09:00-15:00 h) in a temperature controlled, 

sound muted room, where the experimenter was blinded 

to group assignments. The mice were first acclimatized to 

the testing environment before experimentation and the 

apparatuses were washed with 70 % ethanol between 

trials to remove olfactory cues. 

 

Morris water maze (MWM) 

The Morris water maze was used to measure 

spatial learning and memory. The device was made of 

a circular pool (120 cm diameter) of opaque water held at 

22±1 °C. An escape platform (10 cm diameter) was 

placed 1 cm under the surface of the water in 

a predetermined target quadrant. Mice were trained 

during 5 days (four trials/day; trial limit of 60 s).  

An automated video tracking system was used to measure 

escape latency. A probe trial was established 24 h 

following the last training session, during which the 

platform was removed and the percentage of time spent in 

the target quadrant was used as an index of spatial 

memory retention. Swimming speed was recorded to 

control for age-related motor differences. 

 

Novel object recognition (NOR) test 

The novel object recognition test was used to 

measure recognition memory. Mice were conditioned to 

an open-field arena (40×40×40 cm) during 10 min/day in 

two days. The two objects were taken for 10 min during 

the training phase. Following 24 h retention interval, 

a familiar object was substituted with a new object, and 

mice were left to explore during 10 min. The time of 

exploration was documented and recognition memory 

was expressed as a discrimination index as (T_novel − 

T_familiar)/(T_novel + T_familiar). 

Tissue collection and brain dissection 

After behavioral tests were carried out, mice 

were anesthetized deeply by means of intraperitoneal 

injection of ketamine (100 mg/kg) and xylazine 

(10 mg/kg) until full reflex loss. Transcardial perfusion of 

the animals with ice-cold phosphate-buffered saline 

(PBS; 0.01 M, pH 7.4) was then carried out to eliminate 

the circulating blood and reduce postmortem oxidative 

and proteolytic alterations. Perfusion was done through 

the left ventricle at a fixed flow rate (approximately 

10 ml/min) until the effluent from the right atria was clear 

to provide an effective clearance of the blood vessels. 

Brains were quickly removed and placed on  

an ice-chilled dissection stage immediately after the 

perfusion. The cerebral hemispheres were then dissected 

using fine microdissection tools and using anatomical 

landmarks to ensure that the hippocampus was 

thoroughly dissected on ice to maintain the integrity of 

proteins and redox sensitive molecular markers. Special 

attention was paid to mechanical damage and cross-

contamination between brain regions. 

Tissues that were to undergo biochemical and 

molecular studies (Western blotting, oxidative stress 

assays, and mitochondrial measurements) were snap-

frozen in liquid nitrogen to stop the activity of the 

enzymes and to prevent oxidation after extraction. The 

frozen samples were kept at -80 °C until further use. All 

samples were processed within a short time window in 

order to reduce variability. 

Whole brains were post-fixed in 4 % 

paraformaldehyde (PFA) in PBS (pH 7.4) at 4 °C 

overnight. After fixation, the brains were thoroughly 

washed using PBS and cryoprotected by immersing in the 

15 % and then 30 % solutions of sucrose in the PBS 

successively until the tissues sank, indicating full 

cryoprotection. Embedding of cryoprotected brains was 

done in optimal cutting temperature (OCT) compound 

and kept at -80 °C until sectioning. 

Coronal sections of the brain (30 µm thick) of 

the hippocampal areas were acquired by the cryostat at -

20 °C. A series of sections were collected to provide 

anatomical consistency between animals and stored in 

cryoprotectant solution at -20 °C until immuno-

histochemical treatment. 

 

Western blot analysis 

Protein extraction 

Radioimmunoprecipitation assay (RIPA) buffer 

containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% 

Michal Ruzicka
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NP-40, 0.5 % sodium deoxycholate and 0.1 % SDS was 

used to homogenize frozen hippocampal tissue on ice in 

the presence of a complete protease inhibitor cocktail and 

phosphatase inhibitors (1 mM sodium orthovanadate, 

10 mM sodium fluoride). A motorized homogenizer  

(15-20 strokes) was used to homogenize it. Lysates were 

kept on ice and gently swirled and centrifuged at 

14,000× g at 4 °C in 20 min. The supernatants were 

gathered, aliquoted and kept at -80 °C pending utilization. 

 

Protein quantification 

The concentration of total protein was measured 

by bicinchoninic acid (BCA) assay and bovine serum 

albumin was taken as a standard. All the samples were 

adjusted to equal protein concentrations before being 

subjecting to electrophoresis. 

 

SDS-PAGE 

The proteins were loaded with equal quantities 

of protein (30-40 µg per lane) combined with 

4× Laemmli sample buffer with 5 % β-mercaptoethanol 

and subjected to 95 °C heating for 5 min. The proteins 

were separated on 10-15 % SDS-polyacrylamide gels 

with 5 % β-mercaptoethanol depending on the molecular 

weight of the proteins of interest (15 % of LC3, 10-12 % 

of GPX4, ACSL4). After the electrophoresis, proteins 

were moved onto polyvinylidene difluoride (PVDF) 

membranes that were pre-activated in methanol through 

wet transfer system at 100 V in 90 min at 4 °C. 

 

Membrane blocking and antibody incubation 

Depending on the antibody needs, the 

membranes were blocked 1 h at room temperature in 5 % 

non-fat dry milk or 5 % bovine serum albumin (BSA) in 

Tris-buffered saline with 0.1 % Tween-20 (TBST). 

Primary antibodies were incubated overnight on 

membranes. Primary antibodies were: anti-GPX4 

(1:1000), anti-SLC7A11 (1:1000), anti-ACSL4 (1:1000), 

anti-LC3B (1:1000), anti-beclin-1 (1:1000), anti-

p62/SQSTM1 (1:1000), anti-LC3-I/II (1:2000), anti-P62 

(1:1000), anti-PSD95 (1:1000), anti-Synaptophysin 

(1:2000) and anti-β-actin (1:5000). Primary incubation 

was followed by three washes of the membranes (10 min 

each) in TBST, and incubation on horseradish peroxidase 

(HRP)-conjugated species-specific secondary antibodies 

(1:5000) (1 h at room temperature). 

 

Detection and quantification 

The immunoreactive bands were developed with 

the help of enhanced chemiluminescence (ECL) reagents 

and visualized with a digital imaging system. The 

exposure times were also optimized in order to prevent 

saturation of signals. ImageJ software was used to 

quantify the band intensities and normalize the protein 

expression levels to β-actin. In the case of LC3, the ratio 

of LC3-II to LC3-I was determined as an index of 

autophagosome formation, while autophagic flux was 

assessed by evaluating LC3-II accumulation following 

chloroquine treatment. 

 

Lipid peroxidation measurements 

MDA assay 

The level of lipid peroxidation was measured by 

measuring malondialdehyde (MDA) through the 

thiobarbituric acid reactive substances (TBARS) assay. 

Homogenates of tissues were added to TBA reagent and 

kept at 95 °C for 60 min. Samples were cooled and 

centrifuged at 10,000× g during 10 min and absorbance 

was taken at 532 nm. Standard curve with 1,1,3,3-tetra-

methoxypropane was used to determine the 

MDA concentrations which were then expressed as 

nmol/mg of protein. 

 

4-HNE ELISA 

The amount of ELISA kit, 4-HNE-protein 

adducts was measured as per the instructions given in the 

commercially available ELISA kit (Elabscience, catalog 

No: E-EL-0128). At 450 nm, the absorbance was 

obtained and the concentrations were adjusted to total 

protein content. 

 

Mitochondrial isolation and redox analyses 

Mitochondrial isolation 

A differential centrifugation protocol was used 

to isolate mitochondria with intact integrity from freshly 

dissected hippocampal tissue. All procedures were 

performed at 4 °C to reduce proteolysis and oxidative 

damage. Tissues samples were homogenized in ice-cold 

mitochondrial isolation buffer containing 225 mM 

mannitol, 75 mM sucrose, 5 mM HEPES and 1 mM 

EGTA (pH 7.4) with protease inhibitors. 

A glass-Teflon homogenizer was used with  

10-12 light strokes. Centrifugation was performed at 

800× g for 10 min to remove nuclei and debris. The 

supernatant was centrifuged at 10,000× g for 15 min to 

pellet crude mitochondria. The pellet was washed once 

and centrifuged again at 10,000× g for 10 min. The 

mitochondrial pellet was resuspended in isolation buffer 
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and protein concentration was measured using 

BCA assay. ROS measurements were performed 

immediately. 

 

Detection of mitochondrial reactive oxygen species (ROS) 

Mitochondrial ROS was quantified using 2',7'-di-

chlorofluorescein diacetate (DCF-DA) fluorescence assay. 

Isolated mitochondria (50 µg protein) were incubated with 

10 µM DCF-DA at 37 °C and in the dark for 30 min. 

Fluorescence was measured at excitation/emission 

wavelengths at 485/530 nm. Background fluorescence was 

subtracted and ROS levels were expressed as relative 

fluorescence units per mg protein. 

 

Total antioxidant capacity assay 

Total antioxidant capacity was measured using 

the ferric reducing antioxidant power (FRAP) assay. 

Samples were combined with freshly prepared FRAP 

reagent (acetate buffer, TPTZ, ferric chloride). The 

reaction mixture was incubated 37 °C for 30 min. 

Absorbance was measured at 593 nm using 

a spectrophotometer. A ferrous sulfate standard curve 

was used to obtain antioxidant capacity which was 

presented as µmol Fe2+ equivalents per mg protein. 

 

SOD2 and HO-1 ELISA 

Quantification of the levels of SOD2 and HO-1 

was performed by using a commercially available ELISA 

kit following manufacturer’s instructions. Homogenates 

of the brains were prepared and centrifuged in ice-cold 

lysis buffer to remove debris. An equal amount of protein 

from each sample was loaded into ELISA plates that had 

been pre-coated with specific antibodies against SOD2 or 

HO-1. Incubation and washing were then performed, 

followed by addition of horseradish peroxidase (HRP)-

conjugated secondary antibodies and substrate solution. 

Stop solution was used to stop the colorimetric reaction 

and absorbance was observed at 450 nm using 

a microplate reader. Standard curves were used to 

determine concentrations of SOD2 and HO-1 based on 

protein content. 

 

Histopathological analysis 

After behavioral tests, the mice were deeply 

anesthetized and transcardially perfused with ice-cold 

phosphate-buffered saline (PBS) and 4 % 

paraformaldehyde (PFA) in PBS. Brains were excised 

and fixed 4 % PFA at 4 °C for 24 h, followed by 

dehydration using a graded series of ethanol (70 %, 80 %, 

95 % and 100 %), cleared using xylene, and embedded in 

paraffin. 

Coronal sections of the brain (5 µm thickness) 

were cut using a rotary microtome, mounted on gelatin-

coated slides and allowed to dry overnight at 37 °C. 

Sections were then deparaffinized using xylene, 

rehydrated using progressive concentrations of ethanol, 

and washed with distilled water. 

In general, histopathological examination and 

hematoxylin and eosin (H&E) staining were performed 

according to routine procedures. In brief, the sections 

were stained with hematoxylin to visualize nuclei, rinsed 

in tap water, differentiated in 1 % acid alcohol where 

required, blued in alkaline solution and counterstained 

with eosin. The sections were dried using graded 

alcohols, cleaned in xylene and mounted with permanent 

mounting medium. 

The histological examination was performed 

using a light microscope. Respective images of 

hippocampal areas were taken at the same magnification 

and exposure parameters in all groups. Neuronal 

morphology, cellular density and tissue structure were 

measured and the histopathological changes (neuronal 

loss, vacuolation and pyknosis) were analyzed using 

ImageJ software in anatomically equivalent regions. 

 

Statistical analysis 

All the experiments were performed on 

biological replicates, and biochemicals were done in 

technical triplicates. The data are presented as mean ± 

SEM. To determine the effects of age and treatment,  

two-way ANOVA was performed, followed by 

appropriate post hoc tests for multiple comparisons. Two-

way repeated-measures ANOVA was used to analyze 

Morris water maze training data. The level of statistical 

significance was fixed at p<0.05. GraphPad Prism was 

used for statistical analysis and data visualization. 

 

Results 

 

Artesunate enhances cognitive function in STZ-induced 

AD in age-dependent manner 

Spatial learning and memory were used as 

measures of the effects of artesunate on cognitive 

impairments caused by STZ, the Morris water maze 

(MWM) was used to test spatial learning and memory in 

young and old mice, whereas recognition memory was 

tested using the novel object recognition (NOR) test. 

The STZ-treated young and old mice at the 
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acquisition stage of the MWM displayed a noticeable 

increase in escape latency across training days relative to 

their respective age-matched controls, indicating impaired 

spatial learning. The treatment of the young STZ mice with 

artesunate significantly decreased the escape latency and 

the performance gradually approached control levels by 

day 5 compared with the STZ group. Conversely, the 

performance of old STZ mice treated with artesunate was 

only slightly improved, with escape latencies remaining 

considerably higher relative to controls. 

During the probe trial, the young STZ mice took 

much less time in the target quadrant than controls, which 

confirms impaired spatial memory. Artesunate was found 

to considerably increase target quadrant occupancy in 

young STZ mice, but only partially and non-significantly 

improved target quadrant occupancy in old STZ mice. 

There were no significant differences in swim speed 

between groups, ruling out motor impairment as 

a confounding factor. 

In line with MWM results, a significant change 

in discrimination index was found in STZ-treated mice of 

the two age categories in NOR testing. Artesunate 

strongly reinstated recognition memory in young 

STZ mice, whereas old STZ displayed only slight 

recovery, remaining significantly impaired compared 

with age-matched controls. 
 
 

 
 

Fig. 1. Artesunate enhances learning and memory in young but not old STZ induced AD mice. (A) Morris water maze (MWM) training 

with escape latency during five days. (B) proportion of time in target quadrant at probe trial. (C) Swim speed test which evaluates 

locomotor activity. (D) Discrimination index of familiar object recognition (NOR) test. Data are presented as mean ± SEM; n=10 mice 

per group. Statistical analysis was performed using two-way ANOVA (MWM training) and one-way ANOVA followed by Tukey’s post hoc 

test for other comparisons. * p<0.05 vs. control group, # p<0.05; ## p<0.01 vs. STZ group (young). 

 
 

Artesunate inhibits ferroptotic signaling predominantly 

in young AD brains 

To find out whether artesunate is age-

dependently modulating ferroptosis, the level of major 

ferroptotic regulators, such as GPX4, SLC7A11, and 

ACSL4, was examined through Western blotting in 

hippocampal tissues. 

STZ treatment led to a significant decrease in 

GPX4 and SLC7A11 expression and a subsequent 

increase in ACSL4 expression in young and old mice, 

which is evidence of the activation of ferroptotic 

pathways. Treatment with artesunate significantly 

restored GPX4 and SLC7A11 expression and suppressed 

ACSL4 expression in young STZ mice. Old STZ mice, 

on the other hand, showed partial GPX4 and SLC7A11 

restoration, whereas ACSL4 levels remained significantly 

elevated compared with controls. 
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Fig. 2. Artesunate selectively deals with ferroptosis-related proteins in young and old AD brains. (A) Protein expression levels of GPX4, 

SLC7A11, and ACSL4 in the hippocampal tissues of young mice shown by representative Western blots. (B) Densitometric analysis of 

GPX4, SLC7A11, and ACSL4 protein levels in young mice. (C) Protein expression levels of GPX4, SLC7A11, and ACSL4 in the 

hippocampal tissues of old mice shown by representative Western blots. (D) Densitometric analysis of GPX4, SLC7A11, and 

ACSL4 protein levels in old mice. Densitometric data are presented as mean ± SEM; n=5 mice per group. Statistical analysis was 

performed using one-way ANOVA followed by Tukey’s post hoc test. * p<0.05 vs. control group, # p<0.05 vs. STZ group (young). 

 
 

Artesunate inhibits lipid peroxidation more effectively 

in young mice than old mice 

Since lipid peroxidation is a key event in 

ferroptosis, the concentration of malondialdehyde (MDA) 

and 4-hydroxynonenal (4-HNE) were measured. 

The level of MDA and 4-HNE were highly 

elevated by STZ in both age groups, indicating 

widespread lipid peroxidation. Artesunate therapy had 

a strong effect on the reduction of MDA and 4-HNE 

levels in young STZ mice, returning the levels to near 

control. Nevertheless, artesunate was not able to 

completely prevent lipid peroxidation in old STZ mice, 

and the levels of MDA and 4-HNE were still high 

compared to the control. These results show that aging 

reduces the effectiveness of artesunate in suppressing 

ferroptosis-associated lipid peroxidation. 
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Fig. 3. Artesunate inhibits the lipid peroxidation in younger compared to older mice. (A) Levels of MDA in the hippocampal tissues of 

young and old mice (B) Levels of 4-HNE in the hippocampal tissues of young and old mice. Data are presented as mean ± SEM;  

n=6 mice per group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. * p<0.05 vs. control 

group, ## p<0.01 vs. STZ group (young). 

 
 

Artesunate partially recovers autophagic flux age-

dependent recovery 

The evaluation of autophagic activity was based 

on the conversion of LC3-I/II, Beclin-1, and p62. 

STZ therapy had a significant negative effect on the  

LC3-II/LC3-I ratio and Beclin-1 expression and 

a positive effect on p62 accumulation in young and old 

mice which is a sign of impaired autophagic flux. 

Artesunate greatly enhanced LC3-II and  

Beclin-1 expression and decreased p62 accumulation in 

young STZ mice. LC3-II accumulation was also further 

increased by pretreatment with chloroquine, which is 

a further indication of intact autophagic flux. Old 

STZ mice, on the other hand, were only partially 

normalized in both LC3-II and Beclin-1, with p62 levels 

remaining high, indicating partial recovery of autophagy. 
 
 

 

 

 

Fig. 4. Artesunate partially restores 

age-dependent autophagic flux.  

(A) Protein expression levels of  

LC3-I/II, Beclin-1, and p62 in the 

hippocampal tissues of young mice 

shown by representative Western 

blots. (B) Densitometric analysis of 

LC3-I/II, Beclin-1, and p62 protein 

levels in young mice. (C) Protein 

expression levels of LC3-I/II, Beclin-1, 

and p62 in the hippocampal tissues of 

old mice shown by representative 

Western blots. (D) Densitometric 

analysis of LC3-I/II, Beclin-1, and 

p62 protein levels in old mice. 

Densitometric data are presented as 

mean ± SEM; n=5 mice per group. 

Statistical analysis was performed 

using one-way ANOVA followed by 

Tukey’s post hoc test. * p<0.05  

vs. control group, and # p<0.01 vs. 

STZ + Art group. 
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Artesunate restores mitochondrial redox homeostasis in 

young mice preferentially 

Mitochondrial oxidative stress was evaluated 

based on the production of mitochondrial ROS, the 

expression of antioxidant enzymes (SOD2 and HO-1), or 

total antioxidant capacity. 

STZ was found to induce a considerable increase 

in the production of mitochondrial ROS and a decrease in 

SOD2, HO-1 and FRAP values in both age groups. 

Mitochondrial ROS was substantially inhibited and 

antioxidant defenses in young STZ mice were restored by 

artesunate treatment. Conversely, old STZ mice were 

characterized by the persistent increase of mitochondrial 

ROS and minimal restoration of antioxidant enzyme 

expression. These data point to the fact that aging 

worsens the ability of artesunate restore mitochondrial 

redox homeostasis. 

 

 

 
 

Fig. 5. Artesunate is selective in mitochondrial restoring redox balance preferentially in young mice. (A) Mitochondrial ROS levels in the 

hippocampal tissues of young and old mice. (B) Levels of SOD2 in the hippocampal tissues of young and old mice. (C) Levels of HO-1 in 

the hippocampal tissues of young and old mice. (D) Total antioxidant capacity in the hippocampal tissues of young and old mice. Data 

are presented as mean ± SEM; n=6 mice per group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post 
hoc test. * p<0.05 vs. control group, and # p<0.01 vs. STZ group (young). 

 

 

Artesunate preserves synaptic integrity and suppresses 

histopathological changes in young but not old ad mice 

The integrity of synapses was assessed through 

quantifying the expression of PSD95 and synaptophysin, 

which are key markers of postsynaptic and presynaptic 

integrity. The levels of PSD95 and synaptophysin were 

also lessened considerably by STZ treatment in both age 

groups. Artesunate significantly recovered synaptic 

protein levels in young STZ mice, but old STZ mice had 

small, but non-significant recovery, consistent with 

persistent impairment of cognitive function. 

H&E staining showed significant loss of 

neurons, cytoplasmic vacuolation and pyknotic nuclei in 

hippocampus in STZ treated mice. Artesunate 

significantly enhanced the morphology of neurons and 

decreased degenerative characteristics of young 

STZ mice, but old mice still exhibited a high degree of 

histopathological abnormalities. Quantitative analysis 

showed a significant reduction in neuronal loss in young 

but not old mice. 
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Fig. 6. Artesunate restores synaptic integrity and suppresses histopathological changes in young and not old AD mice.   

(A) Representative Western blots showing expression levels of PSD95 and synaptophysin proteins in the hippocampal tissues of young 

mice. (B) Densitometric analysis of PSD95 and synaptophysin protein levels in young mice. (C) Representative Western blots showing 

expression levels of PSD95 and synaptophysin proteins in the hippocampal tissues of old mice. (D) Densitometric analysis of PSD95 and 

synaptophysin protein levels in old mice. (E) Representative hematoxylin and eosin (H&E)-stained hippocampal sections with (I) normal 

histology, (II) STZ group, (III) STZ + artesunate group in the young mice. (F) Representative H&E-stained hippocampal sections with 

(I) normal histology, (II) STZ group, (III) STZ + artesunate group in the old mice. Scale bar = 100 μm. Data are presented as mean 

± SEM; n=5 mice per group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. * p<0.05 vs. 

control group, and # p<0.01 vs. STZ group (young). 
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Discussion 

 

The current paper shows that artesunate has 

a strong yet age-related neuroprotective property in 

streptozotocin (STZ)-induced model of intermittent 

Alzheimer-like pathology. Our results indicate that 

artesunate selectively maintains cognitive, synaptic, and 

redox homeostasis in young mice, but not in the aged, by 

combining behavioral, molecular, biochemical, 

mitochondrial, and histopathological studies. These findings 

are in line with a great deal of published evidence that 

ferroptosis, dysfunctional autophagy, and mitochondrial 

oxidative stress are mutually reinforcing mediators of 

Alzheimer's disease (AD) pathology and mechanisms that 

become less responsive to therapeutic regulation with age 

[27]. 

Importantly, baseline comparisons between  

age-matched control groups revealed that aged control mice 

already exhibited significantly impaired cognitive 

performance and reduced synaptic, mitochondrial 

antioxidant, and autophagic markers compared with young 

controls, consistent with physiological brain aging. This 

confirms that aging itself contributes to a pre-existing 

decline in neuronal resilience, which likely influences the 

differential responsiveness to artesunate observed in this 

study. 

The STZ-induced cognitive impairment in young 

and old mice is consistent with the previous research 

showing that intracerebroventricular STZ causes brain 

insulin resistance, mitochondrial dysfunction, oxidative 

stress and synaptic loss similar to sporadic AD [28]. It has 

been demonstrated by many reports that STZ interferes with 

hippocampal-dependent spatial learning and recognition 

memory, which is mediated by lipid peroxidation and 

mitochondrial dysfunction, which is increased in aged brains 

[29]. The present study showed that artesunate significantly 

enhanced spatial learning and recognition memory in young 

STZ-treated mice, but showed only minimal behavioral 

recovery in old animals. Age-dependent differences of 

antioxidants and autophagy-modulating agents in 

experimental models of AD have been reported, which 

supports the idea that aging restricts the effects of treatment 

by restricting molecular flexibility and neuronal plasticity. 

Ferroptosis is emerging as a major cause of 

neurodegeneration in AD, and human postmortem and 

animal models show decreased GPX4 activity, defective 

cystine uptake by SLC7A11, and increased ACSL4-

mediated lipid remodelling [30]. In line with these results, 

the administration of STZ in the current experiment led to 

the downregulation of GPX4 and SLC7A11 and 

upregulation of ACSL4 in young and old mice, which 

revealed the activation of ferroptotic pathways. Artesunate 

was able to reestablish GPX4 and SLC7A11 expression and 

inhibit ACSL4 upregulation in young mice, consistent with 

prior reports indicating that artesunate regulates ferroptosis 

by maintaining glutathione-dependent antioxidant defenses 

and preventing iron-mediated lipid peroxidation. On the 

contrary, the partial normalization of ferroptosis-related 

proteins in old mice is in line with the existing literature that 

identifies that aging correlates with a decrease in 

GPX4 levels, alterations in iron homeostasis, and enhanced 

sensitivity to ferroptotic injury, which leads to a lack of 

responses to ferroptosis-targeted therapies [31]. 

Lipid peroxidation is a hallmark pathological 

characteristic of AD and an occurrence in ferroptosis [32]. 

The increased levels of malondialdehyde (MDA) and  

4-hydroxynonenal (4-HNE) have been found in AD patients 

and in the experimental models, which are associated with 

synaptic dysfunction and neuronal loss [33]. Consistent with 

these reports, the level of MDA and 4-HNE was 

significantly elevated in the two age groups with STZ 

treatment. Artesunate was able to substantially decrease lipid 

peroxidation in young mice but aged mice had continued 

and increased MDA and 4-HNE regardless of treatment. 

These results are reinforced by previous research that 

revealed that aging is linked to lipid oxidation, loss of lipid 

aldehyde detoxification, and decline in the ability to repair 

lipid ferro-oxidative damages and ferroptotic signatures of 

the aged brain [34]. 

Autophagic dysfunction is one of the hallmarks of 

AD and is well-established [35]. There is a lower  

LC3-II formation, lowering of Beclin-1 expression and p62 

build-up in AD brains, which further increases with age 

[36]. The current research supports the fact that STZ disrupts 

autophagic flux in both young and old mice, which is in 

agreement with the past data assessing the relationship 

between insulin resistance and oxidative stress with 

autophagic dysfunction. Artesunate rescued LC3-II and 

Beclin-1 expression and decreased p62 accumulation in 

young mice, and this shows that autophagic flux was 

restored, as has been reported to show that artesunate 

increases autophagy via redox-sensitive signaling pathways. 

Conversely, aged mice showed partial recovery of 

autophagic markers, which is in line with much of the 

literature that indicates age-induced impairments in 

lysosomal functioning and autophagosome clearance, that 

restrain pharmacological salvaging of autophagy [37]. 

Early and sustained pathological features of AD are 
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mitochondrial dysfunction and oxidative stress [38]. Human 

AD brains and STZ-based models have been shown to have 

reduced the expression of mitochondrial antioxidant 

enzymes including SOD2 and HO-1, and increased 

mitochondrial ROS [39]. These observations are in line with 

our findings that STZ elevated mitochondrial ROS and 

inhibited antioxidant defenses in the two age groups. 

Artesunate had a significant effect on mitochondrial ROS, as 

well as on the restoration of SOD2 and HO-1 expression in 

young mice, which agrees with other reports that artesunate 

promotes redox homeostasis in mitochondria [26]. 

Nevertheless, elderly mice maintained chronic 

mitochondrial oxidative stress after treatment, which is in 

line with the reports that aging impairs mitochondrial 

resilience, antioxidant induction as well as redox signaling 

ability [40]. The greatest pathological correlate of cognitive 

impairment in AD is synaptic loss, and reduced expression 

of synaptic markers including PSD95 and synaptophysin has 

been extensively reported in human and experimental AD 

[41]. The current research has shown that STZ has caused 

synaptic losses of proteins in young and geriatric mice. 

Artesunate strongly replenished synaptic protein expression 

in young mice but not in aged animals. These results align 

with the evidence that the efficient inhibition of oxidative 

stress, ferroptosis, and autophagy dysfunction is needed to 

preserve synapses, and that sustained redox imbalance in the 

aged brain prevents synaptic restoration [42]. 

The neuroprotective effects of artesunate were also 

age-dependent as supported by histopathological analysis. 

The STZ treated mice had changes of neuronal loss, 

cytoplasmic vacuolation and nuclear pyknosis as has been 

previously described in STZ induced neurodegeneration. 

Artesunate significantly ameliorated neuronal morphology 

and degenerative characteristics in young mice and aged 

mice still exhibited significant histopathological alterations. 

These findings are consistent with the research that indicates 

that there is little structural restoration in the elderly brains 

after neuroprotective treatments. 

 

Limitations 

 

This study has several limitations that should be 

acknowledged. First, the experiments were conducted 

exclusively in male mice; therefore, potential sex-dependent 

differences in artesunate responsiveness were not evaluated. 

Second, direct measurements of brain iron levels were not 

performed, which limits definitive conclusions regarding 

iron accumulation and its contribution to ferroptosis 

modulation. Third, classical Alzheimer’s disease-related 

pathological hallmarks such as amyloid-β and tau 

phosphorylation were not assessed, which restricts 

comparison with full-spectrum AD pathology. Fourth, no 

dose-response analysis of artesunate was conducted, and 

therefore the optimal therapeutic concentration could not be 

determined. Finally, although associations between 

ferroptosis, autophagy, mitochondrial dysfunction, and 

cognitive outcomes were demonstrated, the study does not 

establish a direct causal relationship between these pathways 

and the observed behavioral improvements. 

 

Conclusions 

 

Altogether, the current results indicate that 

artesunate shows age-dependent neuroprotective effects in 

STZ-induced Alzheimer-like pathology through the 

regulation of the ferroptosis-autophagy-mitochondrial redox 

axis. Although artesunate demonstrated protective effects 

against ferroptotic alterations, improved autophagy markers, 

enhanced mitochondrial antioxidant status, and preserved 

synaptic integrity in young mice, its efficacy was markedly 

reduced in aged animals, indicating that aging is a major 

limiting factor for these protective actions. 

The findings are in agreement with a growing body 

of literature suggesting that aging phenomenon subjects’ 

therapeutic responsiveness to molecular constraints in AD, 

confirming the significance of age-related approaches in the 

context of redox- and ferroptosis-related pathways targeting 

in targeting Alzheimer’s disease. 
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