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HIGHLIGHTS

e F-53B disrupts neuronal energy meta-
bolism via V-ATPase-AMPK axis.

e V-ATPase overexpression rescues lyso-
somal Ca®>" efflux and AMPK activity.

e RSV activates AMPK, restoring energy
metabolism in F-53B-treated neurons.
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GRAPHICAL ABSTRACT

ABSTRACT

6:2 chloro-polyfluorooctane ether sulfonate (F-53B) is considered neurotoxic, but its mechanisms remain un-
clear. This study aimed to investigate the toxic effects of F-53B on neuronal cells, focusing on the role of the V-
ATPase-AMPK axis in the mechanism of abnormal energy metabolism. Mouse astrocytes (C8-D1A) and human
neuroblastoma cells (SH-SY5Y) exposed to F-53B were used as in vitro models. Our findings demonstrated that F-
53B inhibited the expression of V-ATPase B2 and reduced V-ATPase activity, leading to an increase in lysosomal
PH, decreased expression of TRPML1, and lysosomal Ca? * accumulation. In turn, led to reduced the expression
of CaMKK2 and phosphorylated AMPK (p-AMPK). Ultimately, mitochondria were damaged, evidenced by
increased mitochondrial reactive oxygen species, mitochondrial membrane potential, and impaired mitochon-
drial oxidative phosphorylation, as shown by reduced NDUFS1 expression and diminished respiratory chain
complex I activity. F-53B reduced the expression of the key glycolytic protein PFKFB3. Notably, V-ATPase B2
overexpression indirectly activates AMPK. Furthermore, resveratrol, an AMPK agonist, alleviates mitochondrial
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dysfunction and increases ATP production by promoting the recovery of mitochondria and glycolytic pathways.
These findings elucidate a novel mechanism by which F-53B induces neurotoxicity through the V-ATPase-AMPK
axis, and indicate V-ATPase and AMPK as potential therapeutic targets.

1. Introduction

Perfluorooctane sulfonate (PFOS) has been classified as a persistent
organic pollutant under the Stockholm Convention[1]. In China, PFOS
was also included in the List of New Pollutants for Priority Control (2023
Edition), which came into effect on March 1, 2023. As the use of PFOS
has been severely restricted, one of its main substitutes, 6:2
chloro-polyfluorooctane ether sulfonate (6:2 CI-PFESA, also known as
F-53B), is becoming more widely used[2]. Research has shown that
F-53B is present in various natural environments, including surface
water[3], sewage sludge[4] and atmosphere[5]. A survey conducted in
South Korea revealed an increasing trend of F-53B levels in black-tailed
gull eggs from 2012 to 2018[6]. Additionally, F-53B has been detected
in marine mammals in Greenland[7]. Toxicity tests using zebrafish
revealed that F-53B is moderately toxic (LC50-96h, 15.5 mg/L) and not
easily degradable[8]. An epidemiological study in China found that
nearly 80 % of human blood samples contained F-53B[9]. In some cases,
such as in Chinese metal plating workers, concentrations were as high as
5040 ng/mL, with an elimination half-life of 15.3 years[10]. These
findings indicate that F-53B contamination is widespread and accumu-
lates in living organisms, highlighting the need for greater attention to
its potential risks to human health.

Among the many targets of environmental pollutants, the nervous
system is particularly sensitive. F-53B has been shown to cross the
blood-cerebrospinal fluid barrier and accumulate in cerebrospinal fluid
[11]. A cross-sectional study found a significant negative correlation
between the concentration of F-53B in newborns’ cerebrospinal fluid
and their head circumference[12]. Animal studies further revealed that
F-53B disrupts the expression of neural marker genes and affects the
morphology of differentiated cells during early neural developmen[13].
Notably, F-53B was found to potentially have stronger toxic effects[9].
Neurons, as the basic structural and functional units of the nervous
system, are non-regenerative cells that cannot regenerate once they die.
Therefore, more studies are needed to reveal the mechanism of F-53B
toxicity to the nervous system.

Despite making up only 2 % of the body’s weight, the brain accounts
for 20 % of its energy consumption. Mitochondria, the primary sites of
ATP production within cells, are essential for the proper functioning of
nerve cells[14]. Adenosine 5'-monophosphate (AMP)-activated protein
kinase (AMPK) is a key regulator of cellular energy metabolism and
mitochondrial homeostasis, playing a crucial role in maintaining overall
energy balance. When activated, AMPK positively regulates pathways
that restore ATP levels while inhibiting those that lead to ATP depletion
[15]. Mitochondrion, as the "power plant" of cells, produces ATP
through processes including mitochondrial respiratory chain complexes
I-IV, ATP synthase, cytochrome c, and ubiquinone[16]. Additionally,
glycolysis also produces ATP, helping to maintain essential cellular
metabolism and function.

An animal study revealed that PFOS inhibited the AMPK/mTOR/
autophagy signaling pathway, leading to hepatic lipid accumulation
[17]. A cellular study showed that PFOS impaired trophoblast cells by
reducing ATP levels, compromising mitochondrial function, and inhib-
iting cellular respiration[18]. Furthermore, Nie et al.[19] demonstrated
that F-53B promoted the generation of reactive oxygen species and
induced apoptosis by disrupting mitochondrial structure and function.
Given the central role of AMPK in mitochondrial energy metabolism and
the potential for F-53B to trigger mitochondrial dysfunction, the role of
AMPK in this process urgently requires further investigation. Lysosomes
also play a critical role in maintaining intracellular homeostasis,
particularly as the main reservoirs of calcium ions (Ca®h), which are

essential for cellular energy metabolism and serve as important
signaling molecules for AMPK activation. Li et al.[20] found that PFOS
induced insulin resistance by activating autophagy and causing the
accumulation of lysosomal and mitochondrial Ca?*. Animal studies have
revealed that exocytosed lysosomal Ca®" can indirectly activate AMPK
via calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2)
[21]. Transient receptor potential mucolipid protein 1 (TRPML1),
located on the lysosomal membrane, regulates Ca2' efflux, and its
expression is influenced by lysosomal pH[22], Lysosomal pH, in turn, is
regulated by HT-ATPase (V-ATPase), which helps maintain lysosomal
homeostasis by creating the necessary microenvironment. Clearly,
V-ATPase is the initiating factor in this complex process, regulating
cellular energy metabolism by modulating lysosomal pH, which controls
lysosomal Ca®* efflux and ultimately affects AMPK activity, forming a
crucial signaling axis.

Energy homeostasis is critical for the normal function of neuronal
cells, combined with the available evidence, we hypothesize that the V-
ATPase-AMPK signaling axis plays a key role in regulating energy
metabolism in neuronal cells. To address this, we used mouse astrocytes
(C8-D1A) and human neuroblastoma (SH-SY5Y) cells as in vitro models.
As well as we used overexpression of V-ATPase B2 and resveratrol (RSV,
a natural AMPK activator[23,24]) to target V-ATPase and AMPK,
respectively. We aimed to explore the role of the V-ATPase-AMPK
signaling axis in F-53B-induced energy metabolism disorders and
neurotoxicity, and to provide valuable scientific insights for the pre-
vention and treatment of F-53B-induced neurotoxicity.

2. Materials and methods
2.1. Antibodies, reagents, and chemicals

F-53B was generously provided by Professor Wenging Tu from the
School of Land Resources and Environment, Jiangxi Agricultural Uni-
versity, China. Resveratrol (RSV, CAS 501-36-0) was obtained from
Solarbio (China). Both F-53B and RSV were dissolved in dimethyl sulf-
oxide (DMSO) to ensure solubility, with the concentration of DMSO
< 0.1 % (v/v) in all experimental groups. V-ATPase B2 antibodies were
purchased from Santa Cruz Biotechnology (USA), and TRPMLI anti-
bodies were obtained from Thermo Fisher (USA). Acidified adenosine
monophosphate-activated protein kinase alpha 1 (PRKAA1/AMPKal)
antibodies were purchased from Boster Biotech (China), while phos-
phorylated AMPK (p-PRKAA1/p-AMPKal, T172) antibodies were ob-
tained from Beyotime (China). Additional antibodies, including
CaMKK2 (11549-1-AP), 6-phosphofructo-2-kinase/fructose-2,6-biphos-
phatase 3 (PFKFB3) (13763-1-AP), recombinant NADH dehydrogenase
ubiquinone Fe-S protein 1 (NDUFS1) (12444-1-AP), poly (ADP-ribose)
polymerase (PARP) (13371-1-AP) and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) (10494-1-AP), were provided by Proteintech
(USA).

The Cell Counting Kit-8 (CCK-8, BS350B) was acquired from Bio-
sharp (China) and LysoSensor™ Yellow/Blue DND-160 (PDMPO) was
obtained from Yeasen (China). The V-ATPases ELISA kit was supplied by
Huabang Bio-Technology Co., Ltd. (China), and Fluo-3 AM (C5092) was
acquired from APExBIO (USA). Mito Tracker Green (C1048) and the
ATP assay kit (S0027) were both purchased from Beyotime (China),
while MitoSox Red (2411520) was obtained from Invitrogen (USA).
LysoTracker Red (L8010), the mitochondrial membrane potential assay
kit (JC-1) (M8650), and the mitochondrial respiratory chain complex I
activity assay kit (BC0515) were sourced from Solarbio (China). The
recombinant adenovirus plasmid expressing V-ATPase B2 was provided
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by WZ Biosciences Inc. (China).

2.2. Cell culture and treatment

The nervous system consists mainly of neurons and glial cells. SH-
SY5Y cells are morphologically, neurochemically and electrophysio-
logically characterized as similar to neurons[25,26] , and astrocytes are
the largest of the glial cells and are associated with energy metabolism
[27,28], Therefore, both were chosen as in vitro models for F-53B
exposure. Mouse astrocytes (C8-D1A, CL-0506) were supplied by Procell
(China), while human neuroblastoma (SH-SY5Y) cells were obtained
from the Typical Cultures Depository (USA). Both cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin in a
humidified environment at 37°C with 5 % CO,. The concentrations of
F-53B[10,13,19] were determined based on a combination of relevant
literature and experimental CCK-8 results (Figure. S1A, B). Once the
cells reached 70 %-80 % confluence in the culture flasks or plates, they
were treated with 0, 2.5, 5.0, or 10.0 pM F-53B for 24 hours. C8-D1A
cells were infected with a recombinant adenoviral plasmid expressing
V-ATPase B2 (Ad-V-ATPase B2) at a multiplicity of infection (MOI) of
400, and SH-SY5Y cells were infected at an MOI of 300. After 24 hours of
infection, the cells were treated with 10 uM F-53B for an additional
24 hours. RSV treatment dose and duration were determined according
to the relevant literature[29-31] and CCK-8 results together (Figure.
S1E, F). Additionally, C8-D1A cells were pre-treated with 10 pM RSV,
and SH-SY5Y cells with 5 pM RSV for 2 hours prior to the application of
10 pM F-53B.

2.3. Cell viability by CCK-8 assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8)
assay. Cells were seeded into 96-well plates, and the CCK-8 solution was
prepared by mixing CCK-8 with basal medium (without FBS) at a 1:10
ratio. After incubating the cells for 0.5-2 hours, absorbance was
measured at 450 nm using a microplate reader. Cell viability (%) was
calculated based on the following formula: cell viability = (OD value
(optical density) of the experimental group - OD value of the blank
control group) / (OD value of the control group - OD value of the blank
control group) x 100 %, with at least three independent experiments
were performed.

2.4. Western blot

Proteins from C8-D1A and SH-SY5Y cells were extracted using RIPA
lysis buffer. Phosphatase inhibitors were added to the lysate in equal
proportion to PMSF to preserve phosphorylated proteins. The total
protein concentration in the samples was determined using a BCA assay
kit. Proteins were separated via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene fluoride mem-
branes. The membranes were blocked with 5 % skim milk at room
temperature for 1.5 hours, followed by overnight incubation at 4°C with
primary antibodies targeting V-ATPase B2 (1:100), TRPML1 (1:2000),
PRKAA1/AMPKal (1:500), p-PRKAA1l/ p-AMPKal (T172) (1:1000),
CaMKK2 (1:1000), NDUFS1 (1:5000), PFKFB3 (1:3000), PARP (1:1000)
and GAPDH (1:50000). The next day, the membranes were incubated
with secondary antibodies (1:20,000) for 1.5 hours at room tempera-
ture. After washing the membranes three times with TBST, protein
bands were visualized using an Enhanced Chemiluminescence reagent
and captured using a Tanon-5200 Chemiluminescence Image Analysis
System. Protein band intensities were quantified using the ImageJ
software. Each band’s density was adjusted to the control, and three
independent experiments were carried out to ensure reproducibility.
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2.5. Measurement of lysosomal pH

Cells were treated with 2 pM LysoSensor™ Yellow/Blue DND-160 for
30-60 minutes at 37°C. After treatment, the cells were washed three
times with PBS, and fluorescence intensity was immediately observed
using laser confocal microscopy (Nikon AX R, Japan) under light-
protected conditions. Quantitative analysis was performed using the
ImageJ software, with experiments repeated independently three times.

2.6. V-ATPase activity assay

Cell lysates were collected, and the supernatant was used for the
assay. Test wells were prepared by adding 10 pL of the sample, 40 pL of
sample dilution, and 100 pL of horseradish peroxidase-labeled detection
antibody. The wells were sealed with a sealing film and incubated in a
constant temperature oven for 60 minutes. After washing each well five
times with a washing solution, 50 pL of substrate A and 50 pL of sub-
strate B were added to each well and incubated for 15 minutes at 37°C,
protected from light. Finally, 50 pL of termination solution was added to
each well, and the OD value was measured at 450 nm within 15 minutes.
Experiments were performed independently in triplicate.

2.7. Lysosomal Ca®" assay

After treatment, cells were stained with LysoTracker Red diluted to
50 nM in serum-free medium to detect lysosomes. Ca®" levels were
measured by diluting Fluo-3 AM stock solution to 5 pM in serum-free
medium. The cells were incubated with the dye for 30 minutes at
37°C, then washed with PBS. Fresh DMEM was added, and fluorescence
intensity was immediately observed using laser confocal microscopy
(Nikon AX R, Japan) under light-protected conditions. Quantitative
analyses were conducted using the ImageJ software, with experiments
performed independently three times.

2.8. Mitochondrial reactive oxygen species (mtROS) assay

Upon treatment, cells were incubated in DMEM containing 200 nM
Mito Tracker Green for 30 minutes at 37°C. The cells were then washed
with PBS and incubated in a working solution containing 5 pM MitoSox
Red for 30 minutes at 37°C. After a single wash with PBS, fresh DMEM
was added, and the fluorescence intensity of the cells was immediately
observed using laser confocal microscopy (Nikon AX R, Japan) under
light-protected conditions. Quantitative analyses were performed using
the ImageJ software, with experiments repeated independently three
times.

2.9. Mitochondrial membrane potential (MMP) assay

MMP levels were detected using the JC-1 probe. After treatment, C8-
D1A and SH-SY5Y cells in the positive control group were gently washed
with PBS, followed by the addition of 10 pM CCCP (Carbonyl cyanide 3-
chlorophenylhydrazone , as a positive control for inducing a decrease in
mitochondrial membrane potential). The cells were incubated at 37°C
for 40 minutes. JC-1 staining working solution was then added to all
groups and incubated at 37 °C for at least 30 minutes. After staining, the
cells were gently rinsed three times with pre-cooled 1 x staining buffer,
fresh DMEM was added, and the fluorescence intensity was immediately
observed using laser confocal microscopy (Nikon AX R, Japan) in a light-
protected environment. Quantitative analyses were performed using the
ImageJ software, with experiments independently repeated three times.

2.10. Mitochondrial respiratory chain complex I (complex I, CI) activity
assay

At least 5 million cells were collected for the assay. The relevant
reagents were added to a 96-well UV plate according to the
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manufacturer’s instructions. Absorbance was measured at 340 nm every
10 seconds, with subsequent readings taken at 1 minute and 10 seconds.
The activity of the samples was calculated based on recommended
protein concentrations. Experiments were performed independently in
triplicate.

2.11. Detection of ATP levels

ATP levels were measured using a 96-well plate. A total of 100 pL of
ATP assay working solution (ATP assay reagent: sample dilution = 1:4)
was added to each well. After standing at room temperature for
3-5 minutes, 30 pL of the sample was added to each well or assay tube
and quickly mixed using a micropipette. The relative light units (RLU)
were measured using the chemiluminescence function of a multifunc-
tional enzyme labeler. At least three independent experiments were
performed.

2.12. Statistical analysis

All data were analyzed using SPSS 26.0 software. Results were
expressed as mean =+ standard deviation (SD). One-way ANOVA fol-
lowed by Tukey’s test was used for multiple comparisons. Statistical
significance was set at P < 0.05.

3. Results

3.1. F —53B causes mitochondrial damage and reduces ATP levels in
neuronal cells

The effects of F-53B exposure on mitochondrial function in C8-D1A
and SH-SY5Y cells were assessed by measuring mtROS content and
changes in mitochondrial membrane potential (MMP) via immunoflu-
orescence. Compared to the control group, MitoSox Red fluorescence in
both C8-D1A and SH-SY5Y cells increased significantly with higher F-
53B doses, indicating an elevation in mtROS levels (Fig. 1A-C, P < 0.05).
Additionally, as the dose of F-53B increased, the green fluorescence in
both cell lines also intensified, suggesting a reduction in MMP (Fig. 1D,
E, P < 0.05). Collectively, these findings indicate that mitochondrial
function was impaired. Furthermore, ATP levels, measured using an
assay kit, revealed that F-53B significantly reduced ATP levels in both
C8-D1A and SH-SY5Y cells (Fig. 1F, G, P < 0.05). In addition, we
detected the apoptotic protein PARP, and the WB results suggested that
F-53B elevated PARP protein expression (Figure. S1C, D, P < 0.05).

3.2. F-53B exposure inhibits the expression of p-AMPK and energy
metabolism pathways in neuronal cells

Our findings revealed that F-53B exposure inhibited the expression
of p-AMPK in C8-D1A and SH-SY5Y cells compared to the control group
(Fig. 2A, B, P < 0.05). Additionally, the expression levels of PFKFB3 and
NDUFS1 proteins were also significantly reduced with increasing F-53B
doses (Fig. 2A, C, D, P < 0.05). CI activity in both cell lines was further
analyzed, and exposure to 10.0 pM F-53B significantly inhibited CI ac-
tivity compared to the control group (Fig. 2E, F, P < 0.05).

3.3. F-53B exposure increases lysosomal pH and inhibits V-ATPase B2
expression and V-ATPase activity in neuronal cells

Western blot analysis revealed that F-53B significantly inhibited the
expression of V-ATPase B2 in both C8-D1A and SH-SY5Y cells compared
to the control group (Fig. 3A, B, P < 0.05). Furthermore, V-ATPase ac-
tivity, as measured by a V-ATPase activity kit, was significantly reduced
in F-53B-treated cells (Fig. 3C, D, P < 0.05). Additionally, our findings
revealed an elevation in lysosomal pH in F-53B-treated C8-D1A and SH-
SY5Y cells (Fig. 3E, F, P < 0.05).
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3.4. F-53B exposure inhibits TRPML1 expression and reduces lysosomal
Ca?* release in neuronal cells

F-53B exposure significantly inhibited TRPML1 expression in C8-
D1A and SH-SY5Y cells in a dose-dependent manner, as detected by
western blotting (Fig. 4A, B, P < 0.05). Similarly, CaMKK2 protein
expression was also reduced with increasing F-53B doses in both cell
lines (Fig. 4A, C, P < 0.05). Immunofluorescence analysis demonstrated
that F-53B increased Ca?* accumulation in lysosomes of C8-D1A and
SH-SY5Y cells (Fig. 4D, E, P < 0.05).

3.5. V-ATPase B2 overexpression restores F-53B-induced reductions in V-
ATPase B2 expression and V-ATPase activity and alleviates elevated
lysosomal pH of neuronal cells

To investigate whether Ad-V-ATPase B2 could counteract the F-53B-
induced elevation of lysosomal pH in C8-D1A and SH-SY5Y cells, we re-
examined several key indicators. Compared to the F-53B-treated group
(Ad-null + F-53B), the cotreatment group (Ad-V-ATPase B2 + F-53B)
showed a statistically significant increase in V-ATPase B2 expression
(Fig. 5A, B, P < 0.05). Moreover, V-ATPase activity in both C8-D1A and
SH-SY5Y cells was significantly elevated in the cotreatment group
compared to the F-53B-treated group (Fig. 5C, D, P < 0.05). Immuno-
fluorescence analysis revealed that overexpression of V-ATPase B2
effectively restored the F-53B-induced elevation of lysosomal pH, as
shown by the attenuation of blue fluorescence in the cotreatment group
compared to the F-53B group (Fig. 5E, F, P < 0.05).

3.6. V-ATPase B2 overexpression alleviates F-53B-induced TRPML1
inhibition and restores lysosomal Ca®* release, AMPK activity, and ATP
levels in neuronal cells

To assess whether Ad-V-ATPase B2 could alleviate the energy
metabolism impairment caused by F-53B in C8-D1A and SH-SY5Y cells,
we re-examined several key indicators. Western blot analysis showed a
significant increase in TRPML1 expression in the cotreatment group
compared to the F-53B-treated group (Figure. 6 A, B, P < 0.05). Addi-
tionally, immunofluorescence analysis revealed a decrease in lysosomal
Ca?* accumulation in the cotreatment group, as indicated by a reduction
in green fluorescence intensity compared to the F-53B group (Fig. 6D, F,
P < 0.05), suggesting that Ad-V-ATPase B2 could mitigate the inhibition
of lysosomal Ca?t release caused by F-53B. Western blot results for
CaMKK2 and p-AMPK protein expression showed a significant increase
in both markers in the cotreatment group compared to the F-53B group
(Fig. 6A, C, E, P < 0.05). Moreover, ATP levels were significantly
elevated in the cotreatment group compared to the F-53B group
(Fig. 6G, P < 0.05).

3.7. RSV alleviates F-53B-induced inhibition of p-AMPK expression and
restores cellular energy metabolic pathways in neuronal cells

To determine if RSV could mitigate the F-53B-induced inhibition of
energy metabolism in C8-D1A and SH-SY5Y cells, we evaluated relevant
indicators. Western blot analysis revealed that RSV treatment increased
the expression of p-AMPK, PFKFB3, and NDUFSI1 proteins following F-
53B exposure (Fig. 7A-D, P < 0.05). Additionally, RSV treatment
significantly enhanced CI activity after F-53B exposure, as demonstrated
by enzyme assay results (Fig. 7E, F, P < 0.05).

3.8. RSV relieves mitochondrial damage induced by F-53B and restores
cellular ATP levels in neuronal cells

To explore whether RSV could mitigate F-53B-induced mitochon-
drial damage and restore ATP levels in C8-D1A and SH-SY5Y cells, we
analyzed relevant indicators. Immunofluorescence detection of mtROS
showed that red fluorescence was significantly reduced in the RSV + F-
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+ SD (n = 3 replicates). *P < 0.05, “P < 0.01, ""P < 0.005 compared with the control group. *P < 0.05, * “P < 0.01, * * “P < 0:001 compared with the F-

53B group.

53B group compared to the F-53B group, indicating a reduction in
mtROS levels (Fig. 8A-C, P < 0.05). Additionally, RSV significantly
alleviated the reduction in MMP caused by F-53B exposure (Fig. 8D, E,
P < 0.05). Finally, ATP levels were significantly increased in the RSV
+ F-53B group compared to the F-53B group, as measured by an ATP
assay kit in both C8-D1A and SH-SY5Y cells (Fig. 8F, G, P < 0.05).

4. Discussion

In this study, we showed that F-53B increased lysosomal pH by
inhibiting V-ATPase activity, inhibited TRPML1 expression and lyso-
somal Ca?" release, attenuated CaMKK2 expression and AMPK activity,
inhibited the expression of PFKFB3, NDUFS1, and CI activity, and
impaired the mitochondrial function, which ultimately led to reduced
ATP production and abnormal energy metabolism. Interestingly, we
found that V-ATPase B2 overexpression restored V-ATPase activity
inhibited by F-53B, restored lysosomal pH and Ca®" release, restored
AMPK activity, and ultimately restored ATP content. And RSV restored
ATP content by activating AMPK to restore the expression of PFKFB3
inhibited by F-53B and the activity of CI, alleviating the decrease in the
level of mitochondrial membrane potential and the increase in mito-
chondrial reactive oxygen species. In summary, this study confirmed the
critical role of the V-ATPase-AMPK signaling axis in the neuro-
cytotoxicity of F-53B.

As the central hub of cellular energy metabolism, mitochondria
produce ATP through oxidative phosphorylation, providing energy to
the cell. The function and health of mitochondria are, therefore, essen-
tial for maintaining cellular homeostasis. Current research has shown
that the toxic effects of F-53B may be linked to mitochondrial damage
[19,32]. Our findings align with this, as we observed elevated mtROS
levels and decreased MMP in neuronal cells following F-53B exposur-
e—both important indicators of mitochondrial dysfunction. These re-
sults suggest that F-53B impairs mitochondrial function.

Oxidative phosphorylation occurs within the respiratory chain
complex on the inner mitochondrial membrane, with CI initiating the
electron transfer process, thereby regulating the rate of oxidative
phosphorylation. NDUFS1, the largest subunit of CI, plays a crucial role
in this process. In this study, F-53B significantly reduced NDUFS1 pro-
tein expression, CI activity, and intracellular ATP levels in neuronal
cells, indicating disruption of the oxidative phosphorylation pathway.
Similar results were reported by Liu Y et al.[32], who found that a
mixture of per- and polyfluoroalkyl substances (PFAS) caused mito-
chondrial damage and inhibited CI activity in zebrafish, leading to
reduced ATP levels and energy metabolism disturbances.

In addition to oxidative phosphorylation, glycolysis also produces
ATP, contributing to cellular energy homeostasis. PFKFB3 is a key
regulator of glycolysis, and our study showed that F-53B inhibited
PFKFB3 expression. This finding is consistent with the study by Louisse J
et al.[33], which demonstrated that PFOS, perfluorooctanoic acid, and
perfluorononanoic acid decreased the expression of glycolysis-related
genes in hepatocytes. In summary, our findings suggest that F-53B
causes mitochondrial dysfunction, impairing both oxidative phosphor-
ylation and glycolysis processes, thereby contributing to its neurotoxic
effects.

AMPK serves as a crucial energy metabolism sensor in vivo, and
phosphorylation of the T172 site of its a-subunit is key to its activation.
Activated AMPK regulates multiple biological functions by targeting
downstream pathways. For example, an animal study revealed that
PFOS interferes with the beneficial hypoglycemic effects of metformin
by inhibiting the AMPK pathway, thus disrupting hepatic lipid and
glucose homeostasis[34]. Similarly, Yi W et al.[17] found that PFOS
inhibited AMPK/mTOR/autophagy signaling, leading to hepatic lipid
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accumulation. These findings confirm that PFOS can cause glucose and
lipid metabolism disorders, primarily by interfering with downstream
energy metabolism through the inhibition of the expression of p-AMPK.
Since oxidative phosphorylation and glycolysis, both essential for en-
ergy metabolism, are regulated by AMPK, inhibition of AMPK by F-53B
could similarly disrupt these processes. F-53B, a replacement for PFOS,
shares a highly similar physicochemical structure and is likely to have
the same disruptive effects on energy metabolism. In our study, we
found that F-53B inhibits p-AMPK protein expression, further supporting
the hypothesis that F-53B disrupts energy metabolism by inhibiting the
expression of p-AMPK and blocking its downstream signaling pathways.

The lysosome plays a critical role in cellular metabolism, and its
specific internal pH is essential for maintaining normal lysosomal
function. Additionally, lysosomes are dynamic organelles responsible
for Ca®* storage and homeostasis in vivo. In an animal experiment[35],
cysteine dioxygenase type 1 was found to promote CaMKK2-mediated
phosphorylation of AMPK, which in turn enhanced fatty acid oxida-
tion, an energy-producing process. Thus, CAaMKK2 acts as an upstream
kinase that participates in the expression of p-AMPK and regulates en-
ergy metabolism. In our study, we found that F-53B exposure inhibited
CaMKK2 expression in neuronal cells, suggesting that F-53B suppresses
the expression of p-AMPK by inhibiting CaMKK2. Furthermore, CaMKK2
activity is regulated by intracellular Ca?* levels. Our results indicate
that F-53B reduces lysosomal Ca®" release into the cytoplasm, which
could serve as an upstream signal to inhibit the expression of p-AMPK.
Similar observations were reported by Li J et al.[20] who found that
PFOS elevated lysosomal Ca?* levels by disrupting TRPML1 expression,
ultimately leading to insulin resistance. TRPML1, a cation channel
located on the lysosomal membrane, regulates Ca®" efflux from lyso-
somes. In our study, F-53B reduced TRPML1 protein expression, rein-
forcing the role of TRPMLI1 in controlling lysosomal Ca* levels.
TRPML1 expression is strongly dependent on lysosomal pH, and its
channel activity decreases as lysosomal pH increases[22]. The V-ATPase
complex, located on the lysosomal membrane, maintains lysosomal pH
stability by hydrolyzing ATP and transporting H' into the lysosome[36].
Our findings revealed that F-53B decreased V-ATPase B2 protein
expression and V-ATPase complex activity, leading to an increase in
lysosomal pH, suggesting that V-ATPase triggers a molecular cascade
that regulates AMPK activity. Zhang C et al.[37] reported that the
V-ATPase complex could activate AMPK, thereby affecting metabolic
pathways. This evidence supports our experimental hypothesis that
F-53B disrupts neuronal energy metabolism by inhibiting the V-ATPa-
se-AMPK axis, ultimately reducing cellular ATP levels.

To further explore the role of the V-ATPase-AMPK signaling axis in
the disruption of energy metabolism caused by F-53B, we investigated
the effects of Ad-V-ATPase B2, a subunit of V-ATPase, in F-53B-treated
C8-D1A and SH-SY5Y cells. Our study demonstrated that Ad-V-ATPase
B2 effectively restored the diminished V-ATPase B2 expression and
reduced V-ATPase activity induced by F-53B. Additionally, lysosomal
pH was restored. This finding aligns with a study by Zhou X et al.[38],
which demonstrated that the activation of V-ATPase promoted lyso-
somal pH down-regulation. Furthermore, Ad-V-ATPase B2 reversed the
reduction in TRPML1 expression and lysosomal Ca®" release. Collec-
tively, our results confirmed that activation of V-ATPase alleviates both
the elevation in lysosomal pH and the accumulation of lysosomal Ca?*
caused by F-53B. Moreover, Yoo J et al.[21] reported that lysosomal
Ca?* release activates the CaMKK2-AMPK-ULK1 axis and reduces fat
accumulation. Similarly, we found that Ad-V-ATPase B2 restored
CaMKK2 and p-AMPK protein expression, which had been inhibited by
F-53B. Crucially, Ad-V-ATPase B2 mitigated the F-53B-induced reduc-
tion in ATP levels in neuronal cells, indicating that V-ATPase plays an
essential upstream regulatory role in AMPK-mediated energy
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metabolism.

In addition, we further investigated the role of AMPK in F-53B-
treated C8-D1A and SH-SY5Y cells by utilizing RSV, which has a high
utility value, in order to activate AMPK. Current research suggests that
RSV activates AMPK, thereby protecting mitochondrial function and
increasing ATP levels[39,40]. A previous study revealed that RSV had
beneficial effects on congenital deficiencies in mitochondrial complexes
I and V, stimulating mitochondrial function in an AMPK-dependent
manner[41]. Similarly, our findings showed that RSV intervention
restored NDUFS1 protein expression and CI activity, both of which were
inhibited by F-53B. RSV also reduced mtROS levels, restored MMP, and
increased ATP levels. Furthermore, we found that RSV alleviated the
inhibition of p-AMPK and PFKFB3 expression. Bao Y et al.[42] also
showed that AMPK activation promotes PFKFB3 expression, thereby
enhancing glycolysis. RSV’s ability to promote the expression of
p-AMPK, alleviate the F-53B-induced inhibition of energy metabolism
pathways, repair mitochondrial damage, and restore cellular ATP levels
confirms its role in mitigating impaired energy metabolism in neuronal
cells, as expected. Thus, while Ad-V-ATPase B2 indirectly activated
AMPK, RSV directly activated AMPK, attenuated the inhibition of the
V-ATPase-AMPK axis caused by F-53B, alleviated energy metabolism
disorders, and restored ATP levels.

5. Conclusion

Our findings demonstrated that F-53B inhibited V-ATPase activity,
elevated lysosomal pH, and led to lysosomal Ca®" accumulation, which
subsequently blocked the expression of p-AMPK and its downstream
signaling pathways by reducing CaMKK2 expression. This regulatory
mechanism disrupted the V-ATPase-AMPK signaling axis, causing severe
energy metabolism dysfunction in neuronal cells and reducing ATP
production. Notably, interventions with Ad-V-ATPase B2 and RSV
significantly mitigated F-53B-induced neurocytotoxicity. These findings
provide new insights into the neurotoxic mechanisms of F-53B and
suggest potential targets for future neuroprotective strategies aimed at
modulating the V-ATPase-AMPK signaling axis, offering both scientific
and practical significance.

Environmental Implications

F-53B, as a substitute for perfluorooctane sulfonate, is considered a
new type of environmental organic pollutant. More research has found
that F-53B is widely present in environmental and biological samples,
indicating that its toxicity is comparable or similar to perfluorooctane
sulfonate, and the hazards of F-53B should be taken seriously. Our
research found that F-53B interferes with the energy metabolism process
of nerve cells. Meanwhile, interventions with Ad-V-ATPase B2 and
resveratrol can alleviate this adverse reaction.

Our research results are of great significance to the environment and
health, so I would like to submit them to your journal.
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