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Abstract
Arsenic contamination of groundwater remains a serious public health problem worldwide. Arsenic-
induced neurotoxicity receives increasing attention, however, the mechanism remains unclear.
Hippocampal neuronal death is regarded as the main event of arsenic-induced cognitive dysfunction.
Mitochondria lesion is closely related to cell death, however, the effects of arsenic on PGAM5-regulated
mitochondrial dynamics has not been documented. Crosstalk between autophagy and apoptosis is
complicated and autophagy has a dual role in the apoptosis pathways in neuronal cells. In this study,
arsenic exposure resulted in mitochondrial PGAM5 activation and subsequent activation of apoptosis
and AMPK-mTOR dependent autophagy. Intervention by autophagy activator Rapamycin or inhibitor 3-
MA, both targeting at mTOR, accordingly induced activation or inhibition of apoptosis. Intervention by
MK-3903 or dorsomorphin, activator or inhibitor of AMPK, received similar results. Our findings suggested
that arsenic-induced PGAM5 activation played a role in AMPK-mTOR dependent autophagy and arsenic
induced autophagy-dependent apoptosis in hippocampal neurons via AMPK/mTOR signaling pathway.

1. Introduction
Arsenic (As) is a type of metallic element that enters the body mainly through drinking arsenic-rich water,
eating crops grown in areas rich in arsenic, and clinical therapeutics such as arsenic-containing drugs
that widely used in the treatment for syphilis (arsphenamine), leukemia (arsenic trioxide), and cancer
(realgar) (Liu et al. 2018; Nurchi et al. 2020). A number of epidemiological studies have confirmed that
arsenic can cross the blood-brain barrier, and chronic arsenic exposure causes damage to the nervous
system, which is manifested by decreased capability of language, learning and memory, and intelligence
(Bjorklund et al. 2018; Curtis et al. 2018; Kaur et al. 2021). Arsenic-induced cognitive dysfunction were
also found in many animal models (Arora et al. 2023; Silva-Adaya et al. 2020; Zhang et al. 2022).
However, the underlying mechanism of arsenic-induced neurotoxicity remains unclear. Since arsenic
exposure cannot be completely avoided at present, exploring the mechanism of arsenic-induced
neurotoxicity is of great significance to provide potential target to protect the health of population under
chronic environmental exposure and to correct the medicinal side effects of arsenic.

Hippocampus is one of the most important regions in the central nervous system and plays an important
role in the construction of learning and memory in mammals (Sekeres et al. 2018). Hippocampal damage
is a major cause of central nervous system disease and cognitive impairment (Sekeres et al. 2021). Adult
hippocampal injury causes impairments in working memory, attention, executive function and processing
speed (Lange et al. 2019). Therefore, the research on the mechanism of hippocampal neuron injury is of
great significance for the prevention and treatment of cognitive impairment diseases.

Neuronal death is the main cause of hippocampal damage. Apoptosis of hippocampal neurons in
response to diverse stimuli has been well documented. Recently, autophagy has been reported to be
related to apoptosis (D'Arcy 2019). Crosstalk between autophagy and apoptosis has been found in many
pathogenesis such as cancer metastasis (Su et al. 2015), liver injury (Wang 2015), and neurological
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disease (Liu et al. 2019). However, the crosstalk between autophagy and apoptosis is complicated. It has
been reported that autophagy has a dual role in the apoptosis pathways, leading to activation or
inhibition of the apoptosis signaling in neuronal cells (Gupta et al. 2021).

Both autophagy and apoptosis are closely related to mitochondrial lesions, while the lesions of
mitochondria is one of the key events of arsenic-induced toxicity (Wadgaonkar and Chen 2021).
Therefore, the damage of arsenic to nervous system may be related to mitochondrial lesions that trigger
autophagy and/or apoptosis signaling, leading to neuronal death. Phosphoglycerate mutase 5 (PGAM5),
a key Ser/Thr phosphatase located in mitochondria (Takeda et al. 2009), is involved in regulating multiple
processes of mitochondrial homeostasis (Wu et al. 2014) and mediates mitochondrial fission by
promoting dynamin-related protein 1 (Drp1) localization in mitochondria (Aspuria and Tamanoi 2004; Ma
et al. 2020). However, the effects of arsenic on PGAM5-regulated mitochondrial dynamics has not been
documented.

The purpose of this study was to discuss the role of PGAM5 in arsenic-induced mitochondrial
dysfunction, the possible interplay between autophagy and apoptosis in neuronal death.

2. Materials And Methods

2.1. Animal experiment
Adult C57BL/6 mice (25–28 g) were purchased from SPF (Beijing) Biotechnology Co., Ltd., China. Mice
were kept in a room with a relative humidity of 50–60%, a controlled temperature of 22–25°C, and a
light/dark cycle for 12 hours. Mice were randomly divided into 4 groups after one week of adaptive
feeding. The 3 experimental groups were exposed to NaAsO2 (NaAsO2 ≥ 90%, Sigma-Aldrich, USA)
through drinking water for 12 weeks. NaAsO2 was diluted to the specified concentration including 10
mg/L, 20 mg/L and 40 mg/L by double distilled water. Mice of the control group was provided with
double distilled water. Drinking water was freshly prepared twice a week. Recognition index (RI), which
reflects the cognitive ability of mice, was assessed by novel object recognition (NOR) test at the end of 12
week and calculated as follow: (RI = New object time / (New object time + Old object time) * 100%). Mice
with impaired cognitive ability will show reduced RI due to less exploration of new things. Mice were
anesthetized by 1% sodium pentobarbital (50 mg/kg) through intraperitoneal injection and sacrificed.
Samples of hippocampus tissues were taken for subsequent experiments. All samples were kept at -80℃
for further analysis. Experimental procedures were carried out in strict accordance with the guidelines of
the Ethics Committee of China Medical University with the best efforts to reduce the use of animals and
to alleviate animal suffering (KT2022474).

2.2. Cell culture and treatment
The mouse hippocampal neuronal cell line HT-22 was purchased from the Cell Bank of Chinese Academy
of Medical Sciences. Cells were cultured in MEM medium (01-052-1ACS, Bioind, Israel). The culture
medium was supplemented with 10% fetal bovine serum, 50 U/mL penicillin streptomycin (Invitrogen,



Page 5/27

Scotland, United Kingdom), 50 mg/mL, and 1% Non-essential Amino Acid (Cyagen, USA). The cells were
cultured at 37℃ in an incubator supplied with 5% humidified CO2. HT-22 cells were treated with different
concentrations (0, 4, 6, 8, 10 µM) of NaAsO2 for 24 h and harvested for further study. If intervention was
needed, cells were treated with autophagy inhibitor 3-Methyladenine (3-MA, HY-19312, MCE, China, 5 mM,
1h) or activator rapamycin (HY-10219, MCE, China, 2 nM, 1h), AMP-activated protein kinase (AMPK)
inhibitor dorsomorphin (HY-13418A, MCE, China, 5 µM, 1h) or activator MK-3903 ( HY-107988, MCE,
China, 4 nM, 1h) prior to NaAsO2 exposure (10 µM, 24 h).

2.3. Transient transfections
All transfections were performed using Lipofectamine 3000 (RiboBio, China) with 50 nM siRNA
oligonucleotides targeting at PGAM5 and the negative siRNA (RiboBio, China). HT-22 cells in logarithmic
growth phase were seeded in 6-well plates. Culture medium was discarded after cell attachment. siRNA
was transfected in complete medium containing 10% FBS but without antibiotics. The oligonucleotides or
the transfection plasmid was added according to the instructions. Cells were then exposed to NaAsO2 at
the concentration of 10 µM for 24 h.

2.4. Cell vitality assay
The cell vitality of HT-22 cells was detected by Cell Counting Kit-8 (CCK-8, Absin, China). In brief, HT-22
cells were seeded in 96-well plates at a density of 5×103 cells per well. Cells in logarithmic growth phase
were treated with NaAsO2 (0–30 µM) for 24 h. 10 µL of CCK-8 solution was added into each well at the
culture ending. Cells were then incubated for another 2 h. Finally, the 96-well plates were read at 450 nm
by a spectrophotometer (Epoch, BioTek, USA).

2.5. Hematoxylin-Eosin (H&E) staining assay
The hippocampal tissue was fixed in 4% paraformaldehyde for at least 24 h. Tissue blocks were
embedded in paraffin and sliced into sections. Paraffin section was deparaffinized by xylene twice and
rehydrated using a series of gradient concentration of ethanol and double distilled water. Slides were then
stained in Harris hematoxylin solution for 8 min and washed in running tap water for 5 min. Finally, the
slides were sealed by neutral gum. The representative images were taken by a fluorescence microscope
(Nikon ECLIPSE 80i).

2.6. Transmission electron microscope technique
Fresh hippocampal tissue was collected and put into the electron microscope fixation solution
immediately. After fixation, hippocampal tissue was embedded with resin for sectioning. The ultrathin
sections were cut into 60–80 nm slices by the ultrathin slicer (Leica UC7, Leica, Germany) and fixed on
the 150-mesh copper net with formvar film. After staining and drying, the images were observed under
transmission electron microscope (HT7800, Hitachi, Japan) and analyzed.

2.7. Measurement of Malondialdehyde in hippocampus



Page 6/27

The hippocampus tissue was grinded by a tissue homogenizer (TissueLyser II, QIAGEN, Germany). Tissue
homogenate was centrifuged at 12,000 rpm for 10 min (4℃). The protein concentration was detected by
a BCA Protein Quantitation kit (Bio-Rad, CA, USA) according to the direction. Samples were further
detected for the level of malondialdehyde (MDA) by a Lipid Peroxidation MDA Assay Kit (A003-1-2,
Njjcbio, China).

2.8. Detection of ROS by dichlorodihydrofluorescein
diacetate (DCFH-DA) assay
DCFH-DA (Solarbio, China) was used to detect the reactive oxygen species (ROS) production by Flow
cytometry (LSRFortessa, BD, USA) or Revolve inverted integrated microscope (PVL-100-G, Echo-labs,
USA). HT-22 cells were seeded in the 6-well plates at a density of 1x105 cells/well. After treatment, cells
were detected for ROS according to the manufacturer’s protocol. ModFit LT or Echo software was used
for data collection and analysis.

2.9. Mitochondrial membrane potential detection
Mitochondrial membrane potential △ ψM usually is assessed by the detection of JC-1. When the
mitochondrial membrane potential is high, JC-1 accumulates in the mitochondrial matrix in the form of
polymer which produce red fluorescence. When the mitochondrial membrane potential is low, JC-1 is in
the form of monomer which produce green fluorescence. Briefly, HT-22 cells were cultured in 6-well plates
and allowed to grow in logarithmic phase. Cells were then received treatment including NaAsO2 exposure
and siRNA intervention, respectively. At the culture ending, cells were treated by JC-1 working solution and
incubated for 20 min in the dark. Photoscopic observations were made by revolve inverted integrated
microscope (PVL-100-G, Echo-labs, USA).

2.10. ATP content detection
ATP content in arsenic-exposed mice hippocampal tissue and HT-22 cells were detected by an ATP kit
(Beyotime, China). The tissue and cells were collected and lysed on ice. The lysis of protein solution was
detected for the protein concentration. 100 µl sample was mixed with ATP working solution and
incubated at room temperature for 3–5 minutes. Samples were finally detected by a microplate reader
(synergy H1, BioTek, USA) at 485 nm.

2.11. Western blot assay

The protein level of p-AMPK (1:1000, Cell Signaling), p-mTOR (1:1000, Cell Signaling), LC3 (1:1000, Cell
Signaling), PGAM5 (1:500, ABClonal), optic atrophy 1 (OPA1, 1:500, Santa Cruz), p-DRP1 Ser637 (1:1000,
Cell Signaling), p-DRP1 Ser616 (1:1000, Cell Signaling), mitofusin 1 (MFN1, 1:500, Proteintech), Bcl-2
(1:500, Santa Cruz), Bax (1:500, Santa Cruz), cleaved-caspase-3 (1:1000, Wanlei) and β-Actin (1:8000,
Proteintech) were detected by western blot assay.
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RIPA lysis buffer (Beyotime, China, P0013B) containing 1% PMSF (Beyotime, China, ST506) and 1%
phosphatase inhibitors (Beyotime, China, P1081) was used to lyse mouse hippocampal tissues and the in
vitro cultured cells. Equivalent protein (30 µg per sample) was loaded and separated by SDS-PAGE.
Protein bands on the membrane were revealed by an Electrophoresis Gel Imaging Analysis System
(BioSpectrum Imaging System, USA). Band intensities were quantified by ImageJ software (NIH, USA).

2.12. Statistical analysis

All data were obtained from at least three independent experiments. Data presented as means ± SD were
analyzed by SPSS 22.0 Software (SPSS, Inc., Chicago, IL, USA). Student’s independent-samples t-test or
one-way ANOVA analysis was applied for statistical analysis depending on the data. The difference was
considered to be statistically significant if P < 0.05.

3. Results

3.1. Chronic arsenic-exposed mice displayed reduced
cognitive ability.
All mice displayed normal activity and mental state during the experiment. No significant differences of
body weight, organ coefficient of hippocampus and water intake of mice were found among groups
(Fig. 1a). The actual arsenic exposure dose was almost multiplied in a dose-dependent manner (Fig. 1b).
The recognition index was dose-dependently reduced (Fig. 1c), indicating decreased cognitive ability of
mice under arsenic exposure.

3.2. Mitochondria lesions was found in the hippocampal
neurons of chronic arsenic-exposed mice.
Results of H&E staining illustrated damages to the hippocampus, including reduced cell number and
abnormal arrangement of neurons in arsenic-exposed mice (Fig. 2a). Results of transmission electron
microscopy showed damages to the structure of mitochondria, including incomplete bilayer and
abnormal crest morphology, in the hippocampal neuronal cells of arsenic-exposed mice (Fig. 2b). At the
same time, the protein level of PGAM5, a mitochondrial phosphatase regulating mitochondrial dynamics,
was significantly increased upon arsenic exposure. Meanwhile, the level of its downstream target DRP1, a
mitochondrial fission protein, was significantly changed. Phosphorylated DRP1 (Ser616) was
significantly up-regulated, however, phosphorylated DRP1 (Ser637) was dramatically down-regulated
when compared with those of the control group. Furthermore, the levels of mitochondrial fusion related
protein optic atrophy 1 (OPA1) and mitofusin 1 (MFN1) were markedly down-regulated (Fig. 2c). The MDA
level of arsenic-exposed mice was dose-dependently increased (Fig. 2d). The ATP level of arsenic-
exposed mice was significantly lower than that of the control mice (Fig. 2e). These findings indicated that
chronic arsenic exposure resulted in mitochondria lesions in mice hippocampal neurons.
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3.3. Chronic arsenic exposure caused apoptosis and AMPK-
mTOR dependent autophagy activation in the mice
hippocampus.
The energy metabolism-related kinase AMPK, one of the upstream inhibitory regulators of mechanistic
target of rapamycin (mTOR), was activated under chronic arsenic exposure. The protein levels of p-AMPK
in the arsenic-exposed groups were significantly increased in a dose-dependent manner. Meanwhile, as
one of the upstream inhibitory regulators of autophagy, the protein level of p-mTOR was significantly
down-regulated by arsenic exposure. The levels of LC3, the autophagy marker protein, was remarkably up-
regulated by arsenic exposure (Fig. 3a). These findings indicated the activation of AMPK-mTOR
dependent autophagy in the hippocampus of chronic arsenic-exposed mice.

The apoptosis level of hippocampal cells was also significantly increased under arsenic exposure, which
were demonstrated by the significant up-regulation of apoptotic protein Bax and down-regulation of anti-
apoptotic protein Bcl-2. The protein level of cleaved-caspase-3 was dose-dependently increased,
indicating the activation of apoptosis in hippocampal neurons of chronic arsenic-exposed mice (Fig. 3b).

3.4. Arsenic exposure resulted in mitochondria lesions due to the dynamic disorder regulated by PGAM5
in HT-22 cells.

Based on the results of cell viability assay (Fig. 4a), the stepwise arsenic exposure doses including 0 µM,
2 µM, 4 µM, 6 µM and 10 µM were selected for the subsequent experiments.

Results of western blot analysis showed that the protein level of PGAM5 was significantly activated in a
dose-dependent manner. Its downstream target p-DRP1 (Ser616) was significantly up-regulated, while p-
DRP1 (Ser637) was remarkably down-regulated by arsenic administration. Meanwhile, the levels of
mitochondrial fusion related proteins MFN1 and OPA1 were significantly decreased after the
administration of arsenic when compared with those of the control group (Fig. 4b). Fluorescence staining
of JC-1 indicated reduced mitochondrial membrane potential in arsenic-exposed HT-22 cells which were
illustrated by gradually increased intensity of green fluorescence and decreased intensity of red
fluorescence along with the increase of arsenic exposure dose (Fig. 4c). Results of flow cytometry
revealed a dose-dependently increased ROS level in HT-22 cells (Fig. 4d). A similar trend of increased ROS
fluorescence intensity in arsenic-exposed HT-22 cells was also observed by dichlorofluorescein staining
(Fig. 4e). Moreover, the ATP content was significantly reduced in arsenic-exposed groups compared with
that in the control group (Fig. 4f).

These findings suggested that arsenic exposure resulted in mitochondrial lesions mainly manifested by
mitochondrial dynamic disorder which subsequently induced ROS generation and ATP depletion.

To further study the role of PGAM5 in arsenic-induced mitochondrial dynamic disorder, siRNA targeting at
PGAM5 was used to interfere with its expression in HT-22 cells. The expression of PGAM5 was sharply
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knocked down by all the three alternative siRNA oligonucleotides. There was no significant difference in
the silencing effect among the three ones. siRNA oligonucleotide 2 was selected in the subsequent
experiments (Fig. 5a). Results of western blot showed that the protein levels of PGAM5 and p-DRP1 Ser
616 were decreased while p-DRP1 Ser 637, OPA1, MFN1 were increased by siPGAM5 treatment (Fig. 5b).
At the same time, JC-1 assay showed that interference with PGAM5 expression partially reversed the
decline of mitochondrial membrane potential induced by arsenic exposure, which was demonstrated by
enhanced red fluorescence intensity but decreased green fluorescence intensity (Fig. 5c). Intervention by
siPGAM5 sharply alleviated arsenic-induced ROS generation demonstrated by quantitative detection
(Fig. 5d). In addition, intervention by siPGAM5 significantly increased ATP content in arsenic-exposed HT-
22 cells (Fig. 5e).

These results suggested that arsenic-induced PGAM5 activation played a role in mitochondrial dynamic
disorder in HT-22 cells, leading to subsequent mitochondrial lesions including ROS generation and ATP
depletion.

3.5. Arsenic induced activation of apoptosis and AMPK-mTOR dependent autophagy were attenuated by
PGAM5 inhibition in HT-22 cells.

The protein levels of p-AMPK and LC3 significantly increased in a dose-dependent manner. While the
protein level of p-mTOR were remarkably decreased upon arsenic stimulation, especially in the groups of
8 µM and 10 µM (Fig. 6a). These findings suggested the activation of AMPK-mTOR dependent autophagy
in HT-22 cells.

The protein level of Bcl-2 was dose-dependently decreased. At the same time, the protein levels of Bax
and cleaved-caspase-3 were increased upon arsenic stimulation (Fig. 6b). These results indicated the
activation of apoptosis in HT-22 cells.

As shown in Fig. 6, intervention by siPGAM5 attenuated arsenic-induced activation of AMPK-mTOR
dependent autophagy, which was demonstrated by the significant down-regulation of p-AMPK and LC3,
and up-regulation of p-mTOR (Fig. 6c). Intervention by siPGAM5 diminished arsenic-induced apoptosis
simultaneously, which was manifested by remarkably decreased Bax and cleaved-caspase3, and notably
increased Bcl-2 (Fig. 6d).

3.6. AMPK-mTOR dependent autophagy was related to
apoptosis in arsenic-exposed HT-22 cells.
In order to further study the possible crosslink between autophagy and apoptosis, 3-MA and rapamycin,
two regulators of autophagy both targeting at mTOR were used in the subsequent experiments.
Rapamycin specially inhibits mTOR and subsequently activates autophagy. 3-MA specifically activates
PI3K, the upstream regulator of mTOR, thus activating mTOR and inhibiting autophagy.
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Results of western blot showed that rapamycin significantly inhibited p-mTOR therefore activated
autophagy, which was demonstrated by the significant difference of protein levels between NaAsO2

(-)/rapamycin (-) group and NaAsO2 (-)/rapamycin (+) group (Fig. 7a). Meanwhile, intervention by
rapamycin further promoted arsenic-induced autophagy, which was demonstrated by the significant
difference of protein levels between NaAsO2 (+)/rapamycin (-) group and NaAsO2 (+)/rapamycin (+)
group (Fig. 7a). Similar situation was also found in apoptosis. Intervention by rapamycin further
increased arsenic-induced apoptosis in HT-22 cells (Fig. 7b). These findings suggested that autophagy
activation simultaneously resulted in apoptosis activation.

On the contrary, 3-MA significantly activated p-mTOR therefore inhibited autophagy, which was
demonstrated by the significant difference of protein levels between NaAsO2 (-)/3-MA (-) group and
NaAsO2 (-)/3-MA (+) group (Fig. 7c). In addition, intervention by 3-MA significantly attenuated arsenic-
induced autophagy, which was demonstrated by the significant difference of protein levels between
NaAsO2 (+)/3-MA (-) group and NaAsO2 (+)/3-MA (+) group (Fig. 7c). Interestingly, inhibition of
autophagy also induced inhibition of apoptosis, which was demonstrated by the significant difference of
protein levels between NaAsO2 (-)/3-MA (-) group and NaAsO2 (-)/3-MA (+) group, and between NaAsO2

(+)/3-MA (-) group and NaAsO2 (+)/3-MA (+) group (Fig. 7d). These results indicated that autophagy
inhibition simultaneously resulted in apoptosis inhibition.

Since 3-MA and rapamycin both target at mTOR, one of the downstream targets of AMPK. We next used
MK-3903 and dorsomorphin, the AMPK activator and inhibitor, to further study the possible link between
autophagy and apoptosis.

As shown in Fig. 8, intervention by MK-3903 resulted in significant up-regulation of p-AMPK and LC3, and
down-regulation of p-mTOR (Fig. 8a), indicating the activation of AMPK-mTOR dependent autophagy.
Intervention by MK-3903 raised apoptosis simultaneously, which was shown by remarkably increased
Bax and cleaved-caspase-3, and notably decreased Bcl-2 (Fig. 8b).

On the contrary, intervention by dorsomorphin induced significant down-regulation of p-AMPK and LC3,
and up-regulation of p-mTOR (Fig. 8c), suggesting the inactivation of AMPK-mTOR dependent autophagy.
Simultaneously, intervention by dorsomorphin decreased arsenic-induced apoptosis by down-regulated
Bax and cleaved-caspase-3 and up-regulated Bcl-2 (Fig. 8d).

These resulted suggested that AMPK-mTOR dependent autophagy was related to apoptosis in arsenic-
exposed HT-22 cells.

4. Discussion
Arsenic affects almost every organ or tissue in the human body and has definite neurotoxic effects, which
causes peripheral neuropathy, encephalopathy and neurobehavioral changes (Carlin et al. 2016; Garza-
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Lombo et al. 2018). Although the neurotoxicity of arsenic has attracted extensive attention, the exact
mechanism remains elusive.

Neuronal cell death is regarded as one of the fundamental events of arsenic-induced neurotoxicity. The
activation of neural death pathways in response to arsenic stimulation mainly include intrinsic apoptosis
and autophagy-mediated cell death (Garza-Lombo et al. 2019). In the present study, increased intrinsic
apoptosis and autophagy were also found in the hippocampus of arsenic-exposed mice with cognitive
dysfunction.

As key energy-producing organelles, cellular source of reactive species, and multifaceted regulators of cell
death, mitochondria are in charge of controlling cell life and death by a balanced homeostasis regulated
principally via fission and fusion (Abate et al. 2020; Bock and Tait 2020). Recent evidence indicates that
PGAM5, a mitochondrial Ser/Thr phosphatase, is associated with mitochondrial damage by
dephosphorylating Drp1 to promote mitochondrial fission, thus resulting in decreased mitochondrial
membrane potential, reduced ATP production and enhanced ROS generation (Dan et al. 2023; Liang et al.
2021). Arsenic is known as a toxicant target on mitochondria and induces oxidative stress (Prakash et al.
2022), however, the role of PGAM5 in arsenic-induced mitochondrial lesions has not been documented
before.

Our findings of the present study indicated that arsenic exposure induced mitochondrial damage in
hippocampal neurons by activating PGAM5-regulated mitochondrial fission. Knockdown of PGAM5
restored mitochondrial homeostasis which was shown by increased mitochondrial membrane potential
and ATP production, and decreased ROS generation. Moreover, AMPK was also found to be activated
accompanied by the activation of PGAM5 upon arsenic stimulation. Recent evidence indicates that apart
from its conventional roles as an energy switch, AMPK is also a redox sensor and modulator (Wu and
Zou 2020). Therefore, the activation of AMPK observed in this study might be the subsequent event
induced by less production of ATP and over production of ROS due to the activation of PGAM5-regulated
mitochondrial fission.

Activated AMPK regulates cell growth and several other cellular processes including autophagy (Herzig
and Shaw 2018). AMPK promotes autophagy directly by phosphorylating its downstream autophagy-
related proteins such as mTOR or indirectly by regulating the expression of autophagy-related genes (Li
and Chen 2019). In the present study, we found that AMPK activated autophagy in arsenic-exposed
hippocampal neurons by phosphorylating mTOR, thus inhibiting its activity.

Abnormal autophagy is associated with many pathological processes of cells and the occurrence of
diseases (Klionsky et al. 2021). Increasing evidence suggests that autophagy-mediated death induced by
over-activation of autophagy is also an important cause of tissue and organ injury (D'Arcy 2019).
Findings from some animal studies have revealed that 3-MA, the autophagy inhibitor, actually has
neuroprotective effects (Wen et al. 2008; Xin et al. 2011), indicating the role of autophagy-mediated cell
death in neuropathy.
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In addition, increasing evidence have pointed out the interaction between autophagy and apoptosis, and
some autophagy-related factors involved in apoptosis (D'Arcy 2019). Generally speaking, autophagy
precedes apoptosis and maintains the stability of the intracellular environment after stimulation. But
once the stress exceeds the intensity threshold, apoptosis or other types of programmed cell death are
activated (Gupta et al. 2021; Tschan and Simon 2010). However, the interaction between autophagy and
apoptosis is extremely complex. So far, the relationship between autophagy and apoptosis has been
controversial. Autophagy may promote cell survival and avoid apoptosis, or eventually lead to cell death,
or act together with apoptosis, or exist independently when apoptosis fails (Tschan and Simon 2010). A
recent review indicates that autophagy plays a dual role in neuronal cells by activating or inhibiting
apoptosis signaling (Gupta et al. 2021).

In the present study, increased autophagy was found accompanied with enhanced apoptosis in response
to arsenic exposure in hippocampal neuronal cells. Inhibition of autophagy by 3-MA or promotion of
autophagy by rapamycin resulted in decreased apoptosis or increased apoptosis accordingly, suggesting
autophagy-dependent apoptosis in arsenic-exposed hippocampal neurons. Similar results were also
found by AMPK inhibitor intervention. Since 3-MA and rapamycin both target at mTOR, one of the
downstream targets of AMPK, these results suggested the role of AMPK/mTOR pathway in autophagy-
dependent apoptosis of arsenic-exposed hippocampal neurons.

However, the role of AMPK/mTOR pathway in apoptosis regulation is controversial. Activation of
autophagy by AMPK/mTOR pathway results in both suppression and promotion of apoptosis. For
example, activation of AMPK/mTOR played a role in the ameliorative effect of dapagliflozin against
experimental colitis through augmenting colonic autophagy and restricting apoptosis (Arab et al. 2021).
Copper-induced autophagy through Akt/AMPK/mTOR signaling pathway might potentially generate a
protective mechanism for improving copper-induced RAW264.7 cell apoptosis (Luo et al. 2021). On the
contrary, some other studies reported apoptosis inhibition due to increased autophagy activated by
AMPK/mTOR pathway. For instance, salidroside might reverse apoptosis resistance via the up-regulation
of autophagy through AMPKα1-mTOR-ULK1 pathways (Gui et al. 2017). Calycosin showed an inhibitory
effect on papillary thyroid cancer via promoting apoptosis and autophagy through AMPK/mTOR
pathway (Qu et al. 2022). Similar in our study, we found that arsenic induced autophagy-dependent
apoptosis in hippocampal neurons via AMPK/mTOR signaling. Overall, AMPK/mTOR-activated
autophagy and the regulatory mechanism of it on apoptosis might be condition-dependent and remains
further study.

5. Conclusions
In conclusion, our findings indicated that arsenic activated PGAM5-regulated mitochondrial fission,
leading to decreased mitochondrial membrane potential, reduced ATP production, enhanced ROS
generation, and subsequently activation of AMPK/mTOR signaling. Arsenic induced autophagy-
dependent apoptosis of hippocampal neurons was regulated by AMPK/mTOR pathway.
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Figure 1

Normal condition and cognition damage of arsenic-exposed C57BL/6 mice. (a) Analysis of body weight,
hippocampal organ coefficient and water intake of mice exposed to different doses of arsenic; (b) Actual
daily arsenic exposure dose of mice; (c) Cognitive coefficient analysis of novel object recognition
experiment. The RI of arsenic-exposed mice decreased significantly compared with that of the control
group; *, vs. 0 mg/L group; #, vs. 10 mg/L group; &, vs. 20 mg/L group; n = 6.
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Figure 2

Mitochondria lesions in hippocampal neurons of chronic arsenic-exposed mice. (a) Results of H&E
staining showed that along with the increase of arsenic concentration, the cell arrangement in the
hippocampus of mice was gradually loosened and disordered; (b) Transmission electron microscopy
demonstrated that the lesions to the integrity of mitochondrial bilayer membrane and the appearance of
abnormal crest structure in hippocampal neurons aggravated along with the increase of arsenic exposure
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level; (c) Chronic arsenic exposure affected levels of mitochondrial dynamic proteins in hippocampal
neurons, including up-regulation of PGAM5 and p-DRP1 Ser616, and down-regulations of p-DRP1 Ser637,
OPA1 and MFN1; (d) Dose-dependent increase of MDA was observed in arsenic-exposed mice
hippocampus; (e) Decreased production of ATP in arsenic-exposed mice hippocampus; *, vs. 0 mg/L
group; #, vs. 10 mg/L group; &, vs. 20 mg/L group; n = 6.

Figure 3

Apoptosis and AMPK-mTOR dependent autophagy were activated in hippocampal neurons of chronic
arsenic-exposed mice. (a) Chronic arsenic exposure activated autophagy in hippocampal neurons, which
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was demonstrated by dose-dependent up-regulation of p-AMPK and LC3, and down-regulation of p-
mTOR; (b) Chronic arsenic exposure activated apoptosis in hippocampal neurons, which was
demonstrated by increased Bax and cleaved-caspase-3, and decreased Bcl-2; *, vs. 0 mg/L group; #, vs.
10 mg/L group; &, vs. 20 mg/L group; n = 6.

Figure 4
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Mitochondria lesions in arsenic-exposed HT-22 cells. The mouse hippocampal neuron (HT-22) cells were
treated with NaAsO2 for 24 h. (a) Cell viability was significantly decreased when the concentration of
NaAsO2 was beyond 10 μM; (b) The dose-dependently significant down-regulation of p-DRP1 Ser637,
OPA1 and MFN1, and up-regulation of PGAM5 and p-DRP1 Ser616 were revealed by western blot assay;
(c) The fluorescence intensity of NaAsO2-exposed cells stained by Txred faded gradually, while the
fluorescence intensity stained by FICT enhanced gradually; (d) NaAsO2-induced dose-dependently
increased ROS was illustrated by flow cytometry; (e) An increased tendency of ROS fluorescence intensity
in NaAsO2-exposed cells was illustrated by dichlorofluorescein fluorescence staining; (f) The significantly
decreased ATP levels in NaAsO2-exposed cells was illustrated by ATP analysis; *, vs. 0 μM group; #, vs. 4
μM group; &, vs. 6 μM group; $, vs. 8 μM group; n = 3.
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Figure 5

PGAM5 played a role in arsenic-induced mitochondrial lesions due to mitochondrial dynamic disorder. HT-
22 cells were treated by siPGAM5 (50 nM) and NaAsO2 at the concentration of 10 μM for 24 h. (a) Similar
silencing effects were obtained from 3 siRNA oligonucleotides targeting at PGAM5; (b) Intervention by
siPGAM5 significantly attenuated the levels of PGAM5 and p-DRP1 Ser616, while enhanced the levels of
p-DRP1 Ser637, OPA1 and MFN1; (c) Intervention by siPGAM5 enhanced red fluorescence intensity
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stained by Txred but decreased green fluorescence intensity stained by FICT, indicating the recovery of
mitochondrial membrane potential; (d) Compared with the arsenic-exposed group, ROS level in siPGAM5-
treated group significantly decreased; (e) Arsenic-induced ATP depletion was recovered in siPGAM5-
treated cells; a, vs. siCtrl; *, vs. NaAsO2 (-)/siCtrl group; #, vs. NaAsO2 (-)/siPGAM5 group; &, vs. NaAsO2

(+)/siCtrl group; n = 3.

Figure 6
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Activation of AMPK-mTOR dependent autophagy and apoptosis in arsenic-exposed HT-22 cells.  It was
partially reversed by siPGAM5. Cells were treated with siPGAM5 (50 nM) and NaAsO2 at the
concentration of 10 μM for 24 h. (a) NaAsO2-induced autophagy was demonstrated by the significant up-
regulation of p-AMPK and LC3, and down-regulation of p-mTOR; (b) NaAsO2-induced apoptosis was
demonstrated by the significant increase of Bax and cleaved-caspase-3, and decrease of Bcl-2 by western
blot assay; (c) Compared with the control group, significantly decreased levels of p-AMPK and LC3, and
increased level of p-mTOR were found in the siPGAM5 intervention group; (d) Significantly decreased
levels of Bax and cleaved-caspase-3, and increased level of Bcl-2 were observed in the group of siPGAM5
intervention; *, vs. 0 μM group; #, vs. 4 μM group; &, vs. 6 μM group; $, vs. 8 μM group; A, vs. NaAsO2

(-)/siCtrl group; B, vs. NaAsO2 (-)/siPGAM5 group; C, vs. NaAsO2 (+)/siCtrl group; n = 3.

Figure 7
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Autophagy regulated apoptosis in HT-22 cells. Cells were treated with rapamycin (2 nM) or 3-MA (5 mM)
for 1 hour prior to NaAsO2 exposure (10 μM, 24 h). (a) Compared with the control cells, rapamycin-treated
cells demonstrated significant down-regulation of p-mTOR but up-regulation of LC3; (b) Compared with
the control cells, rapamycin-treated cells showed prominent up-regulations of Bax and cleaved-caspase-3,
but down-regulation of Bcl-2; (c) Compared with the control cells, 3-MA-treated cells demonstrated
significant down-regulation of LC3, but up-regulation of p-mTOR; (d) Compared with the control cells, 3-
MA-treated cells showed significant down-regulations of Bax and cleaved-caspase-3, but up-regulation of
Bcl-2; *, vs. NaAsO2 (-)/3-MA or rapamycin (-) group; #, vs. NaAsO2 (-)/3-MA or rapamycin (+) group; &, vs.
NaAsO2 (+)/3-MA or rapamycin (-) group; n = 3.
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Figure 8

Arsenic-induced autophagy and apoptosis activation was partially reversed by MK-3903 or dorsomorphin
in HT-22 cells. Cells were pre-treated with MK-3903 (4 nM) or dorsomorphin (5 μM) for 1 h, followed by
exposure to NaAsO2 at the concentration of 10 μM for 24 h. (a) Compared with the arsenic-exposed
group, significantly increased levels of p-AMPK and LC3, and decreased level of p-mTOR were found in
the MK-3903 intervention group; (b) Compared with the arsenic-exposed group, significantly decreased
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levels of Bcl-2, and increased level of Bax and cleaved-caspase-3 were found in the MK-3903 intervention
group; (c) Significantly increased levels of p-mTOR, and decreased level of p-AMPK and LC3 were
observed in the group of dorsomorphin intervention; (d) Significantly increased levels of Bcl-2, and
decreased level of Bax and cleaved-caspase-3 were observed in the group of dorsomorphin intervention; *,
vs. NaAsO2 (-)/MK-3903 or dorsomorphin (-) group; #, vs. NaAsO2 (-)/MK-3903 or dorsomorphin (+) group;
&, vs. NaAsO2 (+)/MK-3903 or dorsomorphin (+) group; n = 3.


