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A B S T R A C T   

Silver nanoparticles (AgNPs) have widely used in industrial and medical applications for their excellent anti
bacterial activities. AgNPs can penetrate into the brain and cause neuronal death, but limited evidence focused 
on toxic effects and mechanic study in hippocampal neuron. This study aimed to investigate the molecular 
mechanisms of mitochondrial damage and apoptosis in mouse hippocampal HT22 cells and further to explore 
role of reactive oxygen species (ROS) and GTPase dynamin-related protein 1 (Drp1) in AgNPs-induced neuro
toxicity. Our results showed that acute exposure to AgNPs at low doses (2–8 μg/mL) increased ROS generation, 
decreased mitochondrial membrane potential (MMP) and ATP synthesis in HT22 cells. In addition, AgNPs 
promoted mitochondrial fragmentation and mitochondria-dependent apoptosis via excessive mitochondrial 
fission/fusion by 8 μg/mL AgNPs treatment for 24 h. The mechanism was involved in increased protein 
expression of Drp1, mitochondrial fission protein 1 (Fis1), mitofusin 1/2 (Mfn1/2) and inhibited optic atrophy 1 
(OPA1), and mainly mediated by phosphorylation of Drp1 Ser616. The AgNPs-induced mitochondrial impair
ment and apoptosis was mainly due to their particle-specific effect rather than silver ions release. Furthermore 
Drp1-mediated mitochondrial fission contributed to mitochondria-dependent apoptosis induced by AgNPs, all 
aforementioned changes were significantly rescued by N-acetyl-L-cysteine (NAC) and Mdivi-1 except for OPA1 
protein expression. Hence, our results provide a novel neurotoxic mechanism to AgNPs-induced neurotoxicity 
and revealed that the mechanism of mitochondria-dependent apoptosis in HT22 cells was mediated by excessive 
activation of ROS-Drp1-mitochondrial fission axis. These findings can deepen current evidences on neuro
toxicological evaluation of AgNPs and aid in guiding their proper applications in different areas, especially in 
biomedical use.   

1. Introduction 

Silver nanoparticles (AgNPs) exhibit distinctive physical, chemical 
and biological properties that make them suitable for disease thera
peutics, medical imaging and molecular diagnostics [1]. For these ap
plications, AgNPs unavoidably enter the human body distribute in the 
central nervous system (CNS), leading to neurotoxicity and conse
quently threatening human health [2]. Despite numerous publications 
on the neurotoxicity of various AgNPs in vitro and in vivo [2,3], details of 
AgNP-induced neurotoxicity need to be elucidated. Mitochondria are 
major target of AgNPs-induced cytotoxicity [4]. The involved changes 
included mitochondrial membrane potential (MMP) loss, oxidative 
phosphorylation inhibition, calcium dynamics disruption and reactive 
oxygen species (ROS) elevation, eventually caused 

mitochondria-dependent apoptosis [4,5]. AgNPs were reported to 
induce apoptosis in HT22 cells, which is mitochondria-dependent [6]. 
But involved molecular mechanisms targeting mitochondria remain 
unclear in the AgNPs-induced neurotoxicity. As hippocampal neuron 
was vulnerable to AgNPs, more neurotoxic effects should be deeply 
understood. 

Mitochondrial fission/fusion are the process that mitochondria un
dergo coordinated dynamic cycles. The events refer to mitochondria 
dynamics that closely related with mitochondrial function to maintain 
energy metabolism, calcium homeostasis and redox balance and cell fate 
[7]. Mitofusin 1 (Mfn1), Mitofusin 1 (Mfn2) and optic atrophy 1 (OPA1) 
are fusion proteins that control mitochondrial fusion. Fission is orches
trated by mitochondrial fission protein 1 (Fis1), which recruits cytosolic 
GTPase dynamin-related protein 1 (Drp1) to cleave mitochondria [8]. 
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Drp1 Ser616 activation driven excessive mitochondrial fission exacer
bates oxidative stress and apoptosis [9–13], the expression of Drp1 is 
various in different nanoparticles. Target biomarker of mitochondrial 
fission/fusion in AgNPs-induced neurotoxicity is also uncertain. In our 
previous study, we found AgNPs promoted excessive ROS generation, 
decreased ATP production and MMP dissipation, indicating mitochon
dria dysfunction. In human hepatocellular carcinoma cells (HepG2 
cells), AgNPs also induced mitochondrial fission and apoptosis through 
Drp1 translocation to mitochondria [13]. However, mitochondrial 
fission may be a causative or protective element, role of AgNPs-induced 
mitochondrial fission in neuronal cell fate needs to be elucidated. 
Additionally, it is not clear whether change in the Drp1-driven mito
chondrial fission equilibrium occurs secondary to oxidative stress in 
hippocampal neurons. 

Our previous study found that AgNPs accumulated in mouse hip
pocampal neurons and induced neuronal mitochondrial damage [14]. 
So hippocampal HT22 cells was used in this study, because it is sensitive 
model for oxidative stress due to the lack of ionotropic glutamate re
ceptors [15]. This study aimed to investigate role of mitochondrial 
fission in cell fate and explore the regulatory relationship between 
mitochondrial fission and oxidative stress in the neurotoxicity induced 
by AgNPs. Our findings will provide a better understanding on the 
mechanism of AgNPs-induced neurotoxicity in vitro and facilitate safer 
biomedical application of AgNPs. 

2. Materials and methods 

2.1. Characterizations of AgNPs 

Polyvinylpyrrolidone (PVP)-coated AgNPs were purchased from 
Shanghai Huzheng Nano Technology Co., Ltd. (Shanghai, China). The 
AgNPs morphology was characterized by transmission electron micro
scope (TEM, JEOL, Japan). The dynamic light scattering of AgNPs in cell 
culture medium was measured using Malvern Zetasizer Nano-ZS90 in
strument (Malvern Instrument Ltd., UK). The maximum absorbance 
peak of AgNPs was analyzed by ultraviolet visible (UV–vis) 
spectroscopy. 

2.2. Cell culture and cell viability determination 

HT22 cells (Shanghai Institute of Cell Biology, China) were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) supple
mented with 10% fetal bovine serum (FBS) and 1% penicillin- 
streptomycin antibiotics (Gibco, USA) in an incubator with 5% CO2 in 
37 ◦C. HT22 cells (1 × 103 cells/well) were seeded in a 96-well culture 
plate overnight and exposed to AgNPs (0–12 μg/mL) or AgNO3 (0–1.2 
μg/mL) for 24 h. After the treatment, the cells were added 10 μL cell 
counting kit 8 (CCK8, Meilunbio, China) solution, incubated at 37 ◦C for 
1 h and measured absorbance at 450 nm by microplate reader. The 
selected AgNPs exposure dose was according to the CCK8 assay. In 
addition, HT22 cells were also pretreated with 5 mM antioxidant N- 
acetyl-L-cysteine (NAC) or 5 μM Drp1 inhibitor Mdivi-1 for 2 h, and 
exposure to AgNPs (8 μg/mL) for 24 h in the subsequent assay. 

2.3. Cellular uptake of AgNPs 

After AgNPs exposure, HT22 cells (30 × 105 cells/well) were 
digested with 3 mL 65% HNO3 and 2 mL 30% H2O2. After the pre
treatment of the cells, silver content in HT22 cells were detected by 
inductively coupled plasma mass spectrometry (ICP-MS). In addition, 
particles uptake of HT22 cells was analyzed by flow cytometry (BD, 
USA). Free Ag+ released from AgNPs was detected by ultrafiltration 
combined with ultracentrifugation [16]. According to the result of 
cellular uptake for AgNPs, comparable silver content of AgNO3 was used 
to subsequent experiment. The control is untreated cells and the Ag +

control is AgNO3-treated cells that has comparable silver content with 8 

μg/mL AgNPs. 

2.4. Ultrastructural observation 

After exposure to AgNPs/AgNO3, HT22 cells were fixed in 2.5% 
glutaraldehyde overnight. The mitochondrial morphology was exam
ined using TEM, which involved in three different parameters: mito
chondrial number, aspect ratio (AR, mitochondrial major axes/minor 
axes) and form factor (FF, perimeter 2/4π•area) referred to their 
branching degree [7]. AgNPs distribution was detected by TEM. 

2.5. Analyses of mitochondrial morphology 

HT22 cells were treated for 40 min with 50 nM MitoTracker Red 
CMXRos (Yeasen, China), then mitochondrial morphology was observed 
by confocal laser microscope (Olympus, Japan; FV1000). 

2.6. Intracellular ROS measurement 

DCFH-DA staining (Beyotime, China) was used to determine ROS. 
Briefly, the harvested cells were stained with 2.5 μM DCFH-DA for 30 
min, and washed twice with PBS. After washing, 1 × 105 cells were 
quantified by samples, and ROS level was measured by flow cytometry 
(BD, USA). Cell Number was chosen according to manufacturer’s 
instructions. 

2.7. Mitochondrial membrane potential measurement 

MMP ΔΨm was measured by JC-1 fluorescent probe (Beyotime, 
China). Fluorescence intensity of the HT22 cells was measured by 
fluorescence microscopy (ZEISS, Germany), after 30 min at 37 ◦C using 
1:200 JC-1 working buffer. 

2.8. ATP quantification 

Lysates obtained from the treatment were added to HT22 cells, 
centrifuged at 12,000 g for 10 min at 4 ◦C, and the ATP detection so
lution (Beyotime, China) was added according to the manufacturers’ 
instructions. Measurements were performed using a Luminescence 
microplate reader (LB942, Berthold Technologies, Germany). 

2.9. Apoptosis measurement 

The apoptotic status of HT22 cells was detected using an annexin-V- 
FITC/PI labeling method according to the manufacturer (BD, USA). In 
this study, 10 × 105 cells were collected for staining with 5 μL Annexin-V 
FITC and PI for 15 min, the apoptotic rate was analyzed by flow 
cytometry (BD, USA). 

2.10. Immunofluorescence 

HT22 cells were fixated in 4% paraformaldehyde, permeabilized, 
and blocked using PBS containing 5% BSA and 0.5% TritonX-100. Pri
mary antibody anti-Drp1 (1:100, ABclonal, China) was incubated 
overnight at 4 ◦C with cells. The cells were then incubated with Alexa 
Fluor 488 conjugated anti-rabbit IgG secondary antibody (1:200, 
Beyotime, China) for 1 h, followed by staining with DAPI (Beyotime, 
China). The images were visualized by confocal laser microscopy 
(Olympus, FV1000, Japan). 

2.11. Western blot 

After lysing on ice for 30 min with RIPA containing 1% phenyl
methanesulfonyl fluoride (PMSF, Beyotime, China), cells were centri
fuged 12,000 g to collect supernatant (at 4 ◦C for 15 min). The 
supernatant was collected to quantify protein content by BCA kit 
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(Thermo, USA). SDS-PAGE was used to separate the total protein, then 
transferred to an Immobilon™ PVDF membrane (Millipore, USA) was 
applied for 90 min at 220 mV. The blot was blocked with TBST (0.1% 
Tween-20 in Tris buffered saline) containing 5% skim milk powder for 2 
h, and incubated with primary antibodies: Drp1, Fis1, Mfn1, Mfn2, 
OPA1, Caspase-3, Bax, Bcl-2 (their dilution ratio was all 1:1000, 
Abclonal, China), p-Drp1 S616 (1:1000, Affinity, USA) overnight at 4 ◦C. 
After washing three times with TBST, the PVDF membrane was incu
bated with horseradish peroxidase-coupled (HRP) Goat Anti-Rabbit IgG 
secondary antibody (1:5000, Abclonal, China) for 1 h. The image 
collection was performed using BeyoECL plus Western blotting detection 
system. 

2.12. Statistical analysis 

The significance of the results was tested by one-way analysis of 
variance (ANOVA) among control and treated group, least significant 
difference (LSD) test was performed for statistical significance test by 
SPSS 22.0 (Chicago, USA). P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Characterization of AgNPs 

The average diameter of AgNPs was 23.53 ± 4.79 nm (Fig. S1), as 
reported in our previous study [14]. In the cell culture medium, the 
average hydrated diameter of AgNPs was 65.80 ± 1.89 nm, the Zeta 
potential of AgNPs was − 2.58 ± 0.78 mV (Fig. 1A), specific absorption 
peak of AgNPs was 400–420 nm (Fig. 1B). 

3.2. Cytotoxicity of AgNPs in HT22 cells 

HT22 cells exposed AgNPs exhibited cytotoxicity with increasing 
concentrations and duration of exposure (Fig. 2A). AgNPs hardly 
reduced cell viabilities for 12 h exposure in all exposure concentrations 
(2–12 μg/mL). After AgNPs exposure for 24 h, cell viability was reduced 
to <50% at dose of 10–12 μg/mL (Fig. 2A). Based on the concentration- 
response curve, the inhibitory concentration (IC) at which 50% reduc
tion in cell viability occurs was calculated. The IC50 value of AgNPs 
exposure for 24 h was 10.8 μg/mL, and for the AgNO3, it was 0.62 μg/mL 
(Fig. 2B). 2–8 μg/mL exposure doses and 24 h exposure-time of AgNPs 
was selected for further studies. 

3.3. Distribution and uptake of AgNPs in HT22 cells 

Cellular distribution of AgNPs in HT22 cells after 24 h exposure was 
shown in Fig. 2C. AgNPs (8 μg/mL) was observed in the cytoplasm of 
HT22 cells (Fig. 2C). The silver internalization rate of HT22 cells 
exposed to AgNPs (2–8 μg/mL) was measured using ICP-MS to quanti
tatively analyze the cellular uptake. The silver content was 0.095 ng/ 
105 cells (Fig. 2D), and intracellular Ag+ content was 0.003 ng/105 cells 
(Fig. 2E) in HT22 cells treated by AgNPs (8 μg/mL) for 24 h. The results 
indicated that the Ag+ release from AgNPs (8 μg/mL) in the HT22 cells 
was 3.16%. And the Ag+ content was 0.01 ng/mL in cell culture medium 
(Fig. 2F). The theoretical silver content of AgNPs-PVP is 20%, so the 
theoretical Ag+ content was 0.1 μg/mL released from 8 μg/mL AgNPs. 
Based on the results of Ag+ release and cell viability, we chose 8 μg/mL 
AgNPs and 0.1 μg/mL AgNO3 in this study. Intensity of side scatter light 
(SSC) could reflect intracellular AgNPs concentrations detected by flow 
cytometry. Compared with the control group, AgNPs (2–8 μg/mL) 
increased SSC of HT22 cells in a dose-dependent manner (Fig. 2G). 
Despite SSC was changed in silver ion-treated group compared to the 
control cells, the change level is lower compared with AgNPs-treated 
groups (Fig. 2H). 

3.4. AgNPs disrupted mitochondrial morphology and function in HT22 
cells 

Changes of mitochondrial structure and morphology were observed 
in AgNPs (8 μg/mL) groups. We found a remarkably scattered distri
bution, mitochondria exhibit fragmented and punctate morphology in 
AgNPs-treatment (8 μg/mL) group (Fig. 3A). Fragmented mitochondria 
were also observed by TEM, the number of fragmented mitochondria in 
HT22 cells was increased by approximately 3.76 folds (Fig. 3B). After 
AgNPs exposure (8 μg/mL), AR was decreased by approximately 
40.58%, and FF was increased by approximately 1.9 folds respectively 
(Fig. 3C). But it was not changed in AgNO3 group. After 8 μg/mL AgNPs 
exposure, the mitochondrial network looked disrupted and mitochon
dria appeared as small fragmented punctiform structures (Fig. 3D). 
These results suggested that the mitochondria were rounder and more 
fragmented in AgNPs-treated cells rather than Ag+ in HT22 cells. 

Normal structure is vital to maintain mitochondrial functions. We 
further detected AgNPs-induced mitochondrial functions (including 
intracellular levels of ROS, ATP and MMP) in HT22 cells. Compared with 
the control group, intracellular ROS levels were increased approxi
mately 2.06 and 3.82 folds by 4–8 μg/mL AgNPs respectively (Fig. 3E 
and F). MMP was measured by the JC-1 assay, cells in green color 

Fig. 1. Characterizations of AgNPs. (A) The hydrodynamic sizes of the AgNPs in cell culture medium (DMEM containing 10% FBS). (B) UV–vis spectrum of AgNPs in 
cell culture medium. 
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suggested decreased MMP, while those in red color indicated high MMP. 
As shown in Fig. 3G and H, compared with the control, AgNPs (2–8 μg/ 
mL) decreased MMP in HT22 cells (the JC-1 ratio of monomers/aggre
gate were increased 1.56, 1.96, 2.43 folds respectively). ATP levels of 
HT22 cells was decreased 32.6% by AgNPs (8 μg/mL) compared with 
control group (Fig. 3I). However, the mitochondrial functions including 
ROS, MMP and ATP were not changed by AgNO3 (Fig. S2). These results 
suggested the onset of mitochondrial dysfunction. 

3.5. AgNPs induced disruption of the mitochondrial dynamics in HT22 
cells 

Protein expression of Drp1, p-Drp1, Fis1, Mfn1 and Mfn2 was 
increased by AgNPs (2–8 μg/mL) and OPA1 protein expression was 
decreased by AgNPs only at 8 μg/mL (Fig. 4A–C). Specifically, after 
AgNPs (8 μg/mL) exposure, Drp1 in the cytoplasm translocated Drp1 to 
mitochondria (Fig. 4A), p-Drp1 protein expression was increased 

approximately 2.27 folds by 8 μg/mL AgNPs exposure (Fig. 4B and C). 
These results indicate that AgNPs phosphorylates Drp1 at serine 616 
site, triggers Drp1 translocation from the cytoplasm to mitochondria, 
eventually induces mitochondrial fragmentation and dysfunction. 

3.6. AgNPs induced mitochondria-dependent apoptosis in HT22 cells 

The apoptotic rate of HT22 cells was significantly increased by 
AgNPs (4–8 μg/mL) (Fig. 5A and B), but not changed in AgNO3 (0.2 μg/ 
mL) group (Fig. 5C and D), indicating AgNPs-induced apoptosis was 
involved in inherent nanoscale effects of AgNPs (particle special) rather 
than Ag+ release in HT22 cells. AgNPs (2–8 μg/mL) exposure increased 
the Bax, cytochrome C (Cyt-C) protein expression and decreased Bcl-2 
protein expression (Fig. 5E and F). Furthermore, AgNPs (4–8 μg/mL) 
increased the protein expressions of pro-caspase-3 and cleaved Caspase- 
3 (Fig. 5E and F). These results suggested that AgNPs-induced apoptosis 
was mitochondria-dependent. 

Fig. 2. Cytotoxicity, distribution and uptake of AgNPs in HT22 cells. (A–B) Cytotoxicity of HT22 cells, after AgNPs (0–12 μg/mL) or AgNO3 (0–1.2 μg/mL) exposure 
for 24 h; (C) Cellular distribution of AgNPs in HT22 cells, after AgNPs (8 μg/mL) exposure for 24 h, the red arrow indicates engulfed AgNPs; (D–F) Silver content (D), 
Intracellular Ag+ content (E) and released Ag+ content in cell culture medium (F) in HT22 cells, after AgNPs (0–8 μg/mL) exposure for 24 h; (G–H) Dose-dependent 
scattering intensities as a percentage of control for HT22 cells treated with AgNPs (0–8 μg/mL) or Ag+ (0–0.6 μg/mL) for 24 h. NPs: nanoparticles; Mt: mitochondria. 
Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.7. ROS promoted mitochondrial fragmentation and mitochondrial 
dysfunction induced by AgNPs in HT22 cells 

To explore role of ROS in mitochondrial damage, mitochondrial 
changes was detected in NAC-treated HT22 cells. Mitotracker fluores
cence was decreased by AgNPs (8 μg/mL), which was reversed by NAC 
(Fig. 6A). Intracellular ROS was increased by AgNPs (8 μg/mL), which 
was significantly reversed by NAC (Fig. 6B and C). The MMP and ATP 
content was reduced by AgNPs (8 μg/mL), and partially restored by NAC 
(Fig. 6D–F). These results suggested that ROS promoted mitochondrial 
damage. 

3.8. ROS promoted mitochondrial fission/fusion and enhanced 
mitochondria-dependent apoptosis induced by AgNPs in HT22 cells 

To further explore role of ROS in the mitochondrial dynamic and 
mitochondria-dependent apoptosis, biomarkers of mitochondrial 
fission/fusion and apoptosis were detected in HT22 cells treated by 
AgNPs and NAC. The results showed that AgNPs (8 μg/mL) increased 
Drp1, p-Drp1 S616, Fis1, Mfn1 and Mfn2 expression, and decreased 
OPA1 expression significantly, which was reversed by NAC except for 
OPA1 expression in HT22 cells (Fig. 7A–C). Especially, the mitochon
drial translocation of Drp1 was induced by AgNPs (8 μg/mL) and it was 
not occurred in NAC-pretreated group (Fig. 7A). Our present study 
further showed the increased apoptotic ratio (Fig. 7D and E), protein 

Fig. 3. AgNPs disrupted mitochondrial morphology and function in HT22 cells. (A–C) Alterations of mitochondrial morphology (A), mitochondrial number (B), 
mitochondrial AR and FF parameter (C) in HT22 cells, after AgNPs (8 μg/mL) or AgNO3 (0.6 μg/mL) exposure for 24 h, the red arrow indicates mitochondrial fission 
and fragmentation, the yellow arrow indicates mitochondrial fusion; (D) Alterations of mitochondrial structure and Mitotracker fluorescence in HT22 cells, after 
AgNPs (8 μg/mL) exposure for 24 h; (E–F) Intracellular ROS levels, (G–H) MMP changes, (I) ATP content in HT22 cells, after AgNPs (0–8 μg/mL) exposure for 24 h. 
AR: aspect ratio (ratio between major and minor axes of an ellipse); FF: form factor (perimeter2/4π•area; degree of branching). Data are expressed as mean ± SD from 
three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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expression of Bax, Cyt-C and caspase-3, decreased Bcl-2 protein 
expression of HT22 cells induced by 8 μg/mL AgNPs (Fig. 7F and G). 
NAC pretreatment significantly inhibited the apoptosis and protein 
expression of those biomarkers (Fig. 7D–G). These results suggested that 
ROS promote mitochondrial fission/fusion and enhance mitochondria- 
dependent apoptosis induced by AgNPs in HT22 cells. 

3.9. Role of Drp1 on mitochondrial fragmentation and mitochondrial 
dysfunction induced by AgNPs in HT22 cells 

To explore role of Drp1 on mitochondrial fragmentation and the 
relationship between Drp1 and ROS, we pretreated HT22 cells with Drp1 
inhibitor Mdivi-1 (5 μM) for 2 h, and exposed to AgNPs (8 μg/mL) for 24 
h. The results showed that mitochondrial fragmentation was increased 
by AgNPs (8 μg/mL), while it was reduced by Mdivi-1 pretreatment 
(Fig. 8A). AgNPs increased the ROS level and reduced the MMP and ATP 
content, the Mdivi-1 rescued the MMP and ATP decline (Fig. 8B–F) while 
not decrease the intercellular ROS level (Fig. 8B and C). These results 
indicated Drp1 is the downstream target of ROS in AgNPs-induced 
neurotoxicity in HT22 cells. 

3.10. Role of Drp1-mediated mitochondrial fission on apoptosis induced 
by AgNPs in HT22 cells 

To elucidate role of Drp1-mediated mitochondrial fission on 
apoptosis induced by AgNPs, biomarkers involved in mitochondrial 
dynamics and mitochondria-dependent apoptosis were determined by 
Mdivi-1 pretreatment. The results showed that Mdivi-1 decreased the 
expression of Drp1, p-Drp1 S616, Fis1, Mfn1 and Mfn2, increased the 
OPA1 expression (Fig. 9A–C). Furthermore, Mdivi-1 pretreatment 
inhibited the AgNPs-induced Drp1 translocation from cytoplasm to 
mitochondria (Fig. 9A). The results indicated that Drp1 inhibition 
rescued excessive mitochondrial fission caused by AgNPs. AgNPs- 
promoted apoptosis, Bax, Cyt-C and caspase-3 expression were 
decreased by Mdivi-1 pretreatment, but it didn’t reverse the decreased 
Bcl-2 expression induced by AgNPs (Fig. 9D–G). These results suggested 
that inhibition of Drp-1-mediated mitochondrial fission could rescue the 
mitochondria-dependent apoptosis caused by AgNPs. 

4. Discussion 

With increased AgNPs applications in the industrial market and 
biomedical products, public concern is rising regarding the potential 
human and environmental health implications of AgNPs [2]. 

Fig. 4. AgNPs induced disruption of the mitochondrial dynamics in HT22 cells. (A) Immunofluorescence of Drp1in HT22 cells exposed to AgNPs (8 μg/mL) for 24 h; 
(B–C) Western blot for protein expression of Drp1, p-Drp1, Fis1, Mfn1, Mfn2, OPA1 in HT22 cells, after AgNPs (0–8 μg/mL) exposure for 24 h. Data are expressed as 
mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. 
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Neurotoxicity of AgNPs has been reported in vitro and in vivo, the 
mechanism is correlated with the mitochondrial damage [3]. Mito
chondrial fission/fusion and movement are the basic mechanisms for 
maintaining mitochondrial morphology. Numerous studies have been 
investigated the mitochondrial toxicity of nanomaterials, including 
AgNPs [17]. However, few of them focused on neurotoxicity of nano
particles. As the brain is vulnerable to AgNPs accumulation, neurotoxic 
effects and detail mechanisms should be elucidated. Our study revealed 

that AgNPs induced apoptosis by targeting mitochondria, which 
involved in oxidative stress and disturbance of mitochondrial dynamic. 
It was driven by excessive mitochondrial fission via 
ROS-Drp1-mitochodrial fission axis. 

Cytotoxicity is a pivotal element in assessing the prospects of 
biomedical applications of AgNPs. HT22 cells have already been studied 
and validated as a sensitive model in the neurotoxicology research field. 
Our results showed that AgNPs (2–12 μg/mL for 24 h) reduced HT22 

Fig. 5. AgNPs induced mitochondria-dependent apoptosis in HT22 cells. (A–D) Apoptosis rate of HT22 cells, after AgNPs (0–8 μg/mL) or AgNO3 (0.2 μg/mL) 
exposure for 24 h; (E–F) Western blot for protein expression of Bax, Bcl-2, Caspase-3, Cyt-C in HT22 cells, after AgNPs (0–8 μg/mL) exposure for 24 h. Data are 
expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. 
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cells viability in a dose-dependent manner. Cellular uptake was also 
confirmed by increased SSC and intracellular silver content. In our 
previous study, the cytotoxic doses of HT22 cells to the uncoated AgNPs 
was 25–100 μg/mL [6], the difference of AgNPs could be caused by its 
coating on the surface. Coating with PVP could stabilize AgNPs in 
aqueous solution for a longer time than other silver nanomaterials [18]. 

Surface coating is only one of the influence factors for AgNPs. But it 
partly explains the toxic difference between the two kinds of AgNPs. Our 
results suggested acute exposure of AgNPs at low dose induced neuro
toxicity in HT22 cells, which could provide a certain basis for subse
quent experimental design. 

Mitochondria are one of the main targets on nanoparticles-induced 

Fig. 6. ROS promoted mitochondrial fragmentation and mitochondrial dysfunction induced by AgNPs in HT22 cells. HT22 cells were pretreated with/without NAC 
(5 mM) 2 h before exposure to 8 μg/mL AgNPs for 24 h. (A) Alteration of Mitotracker fluorescence in HT22 cells; (B–C) Intracellular ROS levels in HT22 cells; (D–E) 
MMP changes in HT22 cells; (F) ATP content in HT22 cells. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when 
compared with the control. #p < 0.05, ##p < 0.01 when compared with the AgNPs (8 μg/mL) group. 
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cytotoxicity [17]. Mitochondrial structure and function are tightly 
linked, derangements are associated with cytotoxicity and profound 
physiological implications [19]. Our results showed that AgNPs (8 
μg/mL) exposure for 24 h could significantly promote mitochondrial 
fission and induced mitochondrial fragmentation in HT22 cells. The 
toxicological responses of AgNPs on HT22 cells are consistent with 
recent studies on other different cell lines [4,14,20]. Mitochondrial 
morphological structures were damaged with AgNPs exposure in HT22 
cells. Additionally, normal structure is essential for mitochondrial 
function. In our present study, short-term exposure to low-dose AgNPs 
caused an obvious mitochondrial dysfunction (increased ROS level and 
decreased MMP and ATP synthesis). It may be caused by mitochondrial 
structural alterations, characterized with mitochondrial fragmentation, 
cristae loss, vacuolation and even mitochondrial membrane rupture. 

The reduction in MMP and ATP caused by AgNPs was reversed by the 
removal of ROS, suggesting that ROS contributes to AgNPs-induced 
mitochondrial damage in hippocampal neurons. Furthermore, 
AgNPs-induced cytotoxicity focus on mitochondrial function, which has 
been implicated in cell death and neurodegeneration [20]. Despite 
mechanism of AgNPs-induced hippocampal neuronal mitochondrial 
fragments remain unclear, we considered ROS as a reason for mito
chondrial damage via disturbance of mitochondrial dynamic. 

Mitochondrial dynamic refers the dynamic maintenance of mito
chondrial shape, length and quantity, which was driven by biomarkers 
of mitochondrial fission/fusion (including Drp1, Fis1, Mfn1, Mfn2 and 
OPA1) [4,21]. We further explore mitochondrial fission/fusion in 
ROS-promoted mitochondrial damage. Our study showed the increased 
protein expression in mitochondrial fission-related proteins Drp1 and 

Fig. 7. ROS promoted mitochondrial fission/fusion and enhance mitochondria-dependent apoptosis induced by AgNPs in HT22 cells. HT22 cells were pretreated 
with/without NAC (5 mM) 2 h before exposure to 8 μg/mL AgNPs for 24 h. (A) Immunofluorescence of Drp1in HT22 cells; (B–C) Western blot for protein expression 
of Drp1, p-Drp1, Fis1, Mfn1, Mfn2, OPA1 in HT22 cells; (D–E) Apoptosis rate of HT22 cells; (F–G) Western blot for protein expression of Bax, Bcl-2, Caspase-3, Cyt-C 
in HT22 cells. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. #p < 0.05, ##p < 0.01 
when compared with the AgNPs (8 μg/mL) group. 
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Fis1, and mitochondrial fusion-related proteins Mfn1 and Mfn2, while 
OPA1 protein expression was decreased by AgNPs in HT22 cells. Theses 
biomarkers were reversed by NAC except for OPA1 protein expression, 
indicating that ROS promoted mitochondrial fission and mitochondrial 
outer membrane fusion induced by AgNPs. Short round mitochondria 
were also reduced by NAC pretreatment. Our data indicated 
AgNPs-induced neurotoxicity, which was involved in mitochondrial 

fission and mitochondrial outer membrane fusion by ROS. Li et al. 
described the relationships among AgNPs exposure, ROS production, 
and mitochondrial fission in HepG2 cells, the finding is consistent with 
our results [13]. More importantly, phosphorylated Drp1 Ser616 
expression was significantly increased by AgNPs in HT22 cells. Phos
phorylation of Drp1 at Ser616 has been extensively studied [22], which 
could promote the translocation of Drp1 to mitochondria and initiate 

Fig. 8. Role of Drp1 on mitochondrial fragmentation and mitochondrial dysfunction induced by AgNPs in HT22 cells. HT22 cells were pretreated with/without 
Mdivi-1 (5 μM) 2 h before exposure to 8 μg/mL AgNPs for 24 h. (A) Alteration of Mitotracker fluorescence in HT22 cells; (B–C) Intracellular ROS levels in HT22 cells; 
(D–E) MMP changes in HT22 cells; (F) ATP content in HT22 cells. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when 
compared with the control. #p < 0.05, ##p < 0.01 when compared with the AgNPs (8 μg/mL) group. 

X. Chang et al.                                                                                                                                                                                                                                  



Redox Biology 63 (2023) 102739

11

mitochondria fission [23]. Drp1 regulates the dynamic balance of cell 
mitochondrial fission-fusion. Since Drp1-dependent fission signal is 
known to be an important pathway in toxic effect of nanoparticles [12], 
we pretreated HT22 cells with Mdivi-1 (Drp1 inhibitor). Our results 
showed that mitochondrial fission/fusion, mitochondrial fragment and 
dysfunction was partly rescued by Mdivi-1 pretreatment in 
AgNPs-cultured HT22 cells. But the Mdivi-1 pretreatment didn’t inhibit 
the ROS generation caused by AgNPs, indicating the Drp1 is the 
downstream molecule of ROS. Increasing evidence demonstrates that 
mitochondrial function in mammals depends on Drp1-mediated mito
chondrial fission [13,24–26]. But whether it has important role in 
AgNPs-induced neurotoxicity is controversial. Our results provide a new 

insight to study of ROS-Drp1-mitochndrial fission axis in neurotoxicity 
induced by AgNPs. 

Nanoparticles-induced disturbance of mitochondrial fission/fusion is 
consequently to cause cell death (including apoptosis, necrosis and 
autophagy) [27]. A large number of researches have indicated potential 
associations between mitochondrial dynamic and apoptosis/in
flammation with AgNPs/TiO2 exposure in other target organs [20, 
28–30], but few literatures were found in AgNPs-induced neurotoxicity 
on this observation. Our present study suggested that AgNPs increased 
apoptotic ratio in HT22 cells. The intrinsic pathway of apoptosis is 
initiated by mitochondrial membrane permeabilization. ROS and 
mitochondrial dysfunction could further trigger apoptosis in 

Fig. 9. Role of Drp1-mediated mitochondrial fission on apoptosis induced by AgNPs in HT22 cells. HT22 cells were pretreated with/without Mdivi-1 (5 μM) 2 h 
before exposure to 8 μg/mL AgNPs for 24 h. (A) Immunofluorescence of Drp1in HT22 cells; (B–C) Western blot for protein expression of Drp1, p-Drp1, Fis1, Mfn1, 
Mfn2, OPA1 in HT22 cells; (D–E) Apoptosis rate of HT22 cells; (F–G) Western blot for protein expression of Bax, Bcl-2, Caspase-3, Cyt-C in HT22 cells. Data are 
expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 when compared with the control. #p < 0.05, ##p < 0.01 when compared with 
the AgNPs (8 μg/mL) group. 
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hippocampal neurons, which is supported by our previous study on 
AgNPs-induced HT22 cells apoptosis [6]. In this study, mitochondrial 
dysfunction and mitochondria-dependent apoptosis was also confirmed 
by increasing Bax, Caspase-3, Cyt-C expression and decreasing Bcl-2 
expression caused by AgNPs in HT22 cells. Moreover, the increased 
apoptosis and involved biomarkers changes of HT22 cells caused by 
AgNPs was rescued by NAC and Mdivi-1, which is different with our 
previous study in HepG2 cells [13]. It may be attributed to the difference 
of cell type. Our findings revealed that mitochondrial damage was 
enrolled in AgNPs-induced neurotoxicity in HT22 cells. And 
ROS-Drp1-mitochondrial fission axis promoted the 
mitochondria-dependent apoptosis by acute exposure of AgNPs at low 
dose. 

It remains unclear whether the cytotoxicity is due to the Ag+ released 
from AgNPs themselves in AgNPs-induced neurotoxicity. In this study, 
the silver content was 0.095 ng/105 cells, and intracellular Ag+ content 
was approximately 0.003 ng/105 cells in HT22 cells after AgNPs (8 μg/ 
mL) exposure for 24 h. The results indicated that Ag+ released from 
AgNPs in the HT22 cells was approximately 3.16%, and it is in line with 
our results in the cell uptake and AgNPs distribution confirmed by SSC 
detection and TEM observation. Moreover, for the mechanistic research, 
it was only AgNPs-treated HT22 cells that produced mitochondrial 
damage and mitochondrial-dependent apoptosis. Despite both AgNPs 
and Ag+ caused cytotoxicity at different concentration, the mitochon
drial fragment was only induced by AgNPs as well, which is consistent 
with our previous studies in HepG2 cells and A549 cells [4,21]. Zhang 
et al. also suggested that cytotoxicity in primary-cultured cortical neu
rons was owing to the AgNPs themselves [31]. These results supported 
our finding in this study, indicated that AgNPs-induced neurotoxicity is 
particle-specific AgNPs rather than silver ions release. 

5. Conclusions 

In conclusion, this study revealed that acute exposure to AgNPs at 
low dose induced mitochondrial damage and cytotoxicity in HT22 cells. 
AgNPs promoted the mitochondrial fragmentation and mitochondrial 
dysfunction (including ROS generation, ATP and MMP reduction), 
leading to mitochondria-dependent apoptosis. Moreover, ROS signaling 
and Drp1 regulation were found to have prominent impact on 

mitochondrial damage, and ROS-Drp1-mitochondrial fission axis pro
moted the mitochondria-dependent apoptosis in HT22 cells (Fig. 10). 
These findings contribute to our understanding of the toxic mechanisms 
underlying AgNPs-induced mitochondrial fission and apoptosis, imply 
that Drp1-mediated mitochondrial fission in hippocampal neurons could 
be an alternative target for the prevention and treatment of AgNPs- 
induced neurotoxicity. 
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Main abbreviations 

AgNPs silver nanoparticles 
BAX BCL2-associated X protein 
BBB blood brain barrier 

Fig. 10. Schematic diagram of signaling pathways 
involved in AgNPs-induced mitochondrial damage 
and apoptosis in hippocampal HT22 cells. AgNPs 
promoted mitochondrial fragmentation via excessive 
mitochondrial fission/fusion, increased ROS genera
tion, decreased MMP and ATP synthesis, eventually 
induced mitochondria-dependent apoptosis in HT22 
cells. The mechanism was involved in increased Drp1, 
Fis1, Mfn1, Mfn2 and decreased OPA1 expression, 
mainly mediated by phosphorylation and mitochon
drial translocation of Drp1 Ser616. Furthermore, all 
aforementioned changes were significantly rescued 
by NAC and Mdivi-1 except for OPA1 expression, 
indicating that mechanism of mitochondria- 
dependent apoptosis in HT22 cells was mediated by 
excessive activation of ROS-Drp1-mitochondrial 
fission axis.   
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BCL2 B-cell lymphoma-2 
CCK8 cell counting kit 8 
CNS central nervous system 
Cyt-C cytochrome C 
Drp1 GTPase dynamin-related protein 1 
FF form factor 
Fis1 mitochondrial fission protein 1 
ICP-MS inductively coupled plasma mass spectrometry 
Mfn1 mitofusin 1 
Mfn2 mitofusin 2 
MMP mitochondrial membrane potential 
NAC N-acetyl-L-cysteine 
OPA1 optic atrophy 1 
PMSF phenylmethanesulfonyl fluoride 
PVP polyvinylpyrrolidone 
ROS reactive oxygen species 
TEM transmission electron microscope 
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