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Abstract: Environmental noise is a common hazard in military operations. Military service members
during long operations are often exposed to around-the-clock noise and suffer massive emotional
and cognitive dysfunction related to an Alzheimer’s disease (AD)-like neuropathology. It is essential
to clarify the mechanisms underlying the effects of around-the-clock noise exposure on the central
nervous system. Here, Wistar rats were continuously exposed to white noise (95 dB during the
on-duty phase [8:00-16:00] and 75 dB during the off-duty phase (16:00-8:00 the next day)) for
40 days. The levels of phosphorylated tau, amyloid-f (Af), and neuroinflammation in the cortex and
hippocampus were assessed and autophagosome (AP) aggregation was observed by transmission
electron microscopy. Dyshomeostasis of autophagic flux resulting from around-the-clock noise
exposure was assessed at different stages to investigate the potential pathological mechanisms.
Around-the-clock noise significantly increased A peptide, tau phosphorylation at Ser396 and Ser404,
and neuroinflammation. Moreover, the AMPK-mTOR signaling pathway was depressed in the cortex
and the hippocampus of rats exposed to around-the-clock noise. Consequently, autophagosome-—
lysosome fusion was deterred and resulted in AP accumulation. Our results indicate that around-
the-clock noise exposure has detrimental influences on autophagic flux homeostasis and may be
associated with AD-like neuropathology in the cortex and the hippocampus.
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1. Introduction

Despite attempts to minimize sources of noise, hazardous noise exposure remains
prevalent. Military service members are often appointed to long operations and live in
environments that offer little time for recovery from hazardous noise [1-3]. They are
exposed to various noise sources for durations over 12 h, and their average 24-h equivalent
continuous sound levels (24-h) range from 71 to 127 dBA [1]. In addition, long-term
continuous noise exposure can cause neurobehavioral dysfunctions, ultimately affecting
their ability to perform cognitive-related tasks and missions [4-6]. However, the detailed
mechanisms by which around-the-clock noise affects cognition are still unclear.

Our previous studies modeled noise exposure by simulating an industrial work envi-
ronment with a duration of 4 h/day and showed that noise exposure is associated with
cognitive decline as well as irreversible Alzheimer’s disease (AD)-like pathologies, such
as hyperphosphorylated tau protein, amyloid-f (Af) accumulation, neuroinflammatory
changes, and even neuronal apoptosis [7-10]. Here, we aimed to reveal whether the
around-the-clock noise also causes AD.
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Autophagy is a three-step process that includes induction, autophagosome (AP) for-
mation, autophagosome-lysosome (AL) fusion, and degradation. Any abnormal step of
autophagy can directly or indirectly lead to A generation and tau aggregation, and in-
creased tau phosphorylation aggravates neuronal cell variation and accelerates the course
of AD [11-15]. Autophagy flux, defined as the rate of degradation of long-lived protein
aggregates by autophagy, involves the whole autophagy process.

A hypoxic environment can cause abnormal mitochondrial energy production, calcium
overload, and excessive production of reactive oxygen species, leading to oxidative stress,
autophagy, and apoptosis of neurons and cardiomyocytes [16,17]. Our previous study
showed that chronic noise exposure influences the mTOR and light chain 3 B (LC3B) [18].
We, therefore, hypothesized that the inhibited AMPK-mTOR signaling pathway induced by
around-the-clock noise would disrupt the homeostasis of autophagy flux. We further aimed
to examine whether these effects would subsequently derange degradation pathways to
induce AD-like pathology.

This research intended to explore the mechanism of AD-like changes caused by expo-
sure to around-the-clock noise. Based on our previous results, we hypothesized that the
impairment of cognitive function seen in workers exposed to around-the-clock noise may
be related to AD-like changes in the central nervous system, in which autophagy might
play a key role. To understand the pathogenesis of AD, it is crucial to examine the dynamic
changes in autophagic flux that occur over the course of AD. Consequently, we explored
autophagy flux at different stages to acquire a better understanding of the underlying
pathological mechanisms.

2. Materials and Methods
2.1. Animals and Experimental Groups

Twenty male Wistar rats were randomly divided into a control group and a 24-h noise
exposure group. The Wistar rats were obtained from the Beijing Viton Lihua Laboratory
Animal Technology (Beijing, China). All rats were housed under normal conditions with
an environmental temperature of 23 &= 2 °C. Prior to the experiment, the rats underwent six
days of adaptation. The rats had free access to standard laboratory rodent food and water.
After the experiment, all animals were sacrificed under brief anesthesia for subsequent
biochemical analyses. All experiments were performed in accordance with approved
guidelines specified by the Animal and Human Use in Research Committee of the Tianjin
Institute of Health and Environmental Medicine and the Three Rs principle.

2.2. Noise Exposure Set-Up

To simulate the noise intensity and exposure pattern of a military operational en-
vironment, the noise exposure conditions were set to 95 dB white noise during the day
8 h/d (8:00-16:00) and 75 dB white noise at night 16 h/d (16:00-8:00 the next day) for
40 days. A noise generator (BK 3560 C, B&K Instruments, Neerum, Denmark) was used to
generate white noise, which was amplified using a power amplifier and broadcast through
a loudspeaker inside a soundproof room. The animals were housed in individual wired
cages for 95 dB noise exposure. The sound levels inside the cages were measured every
hour. The difference in noise levels between different cages was less than 2 dB.

2.3. Western Blot Analysis

The frontal cortex and the hippocampus were sonicated in a high-throughput tissue
grinder (Xinzhi Biotechnology, Ningbo, China) for 1 min. Lysates were centrifuged at
12,000 g at 4 °C for 10 min to obtain the supernatant fraction, which was used for Western
blot analysis. The following primary antibodies were used: mouse anti-3 Amyloid (B4)
(5¢-28365 1:1000, Santa Crutz Biotechnology, Dallas, TX, USA), rabbit anti-Tau (phospho
5396) antibody (ab109390, 1:10,000, Abcam, Cambridge, UK), rabbit anti-Tau (phospho
5404) antibody (ab109390, 1:10,000, Abcam, Cambridge, UK), mouse GFAP (Ser38) (AP0227
1:1000, Bioworld Technology, Louis Park, MN, USA), rabbit anti-P-AMPK-Thr172 antibody
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(2535, 1:1000, Cell Signaling Technologies, Danvers, MA, USA), rabbit anti-AMPK anti-
body (5832, 1:1000, Cell Signaling Technologies, Danvers, MA, USA), rabbit anti-mTOR
antibody (P2476, 1:1000, Bioworld Technology, Louis Park, MN, USA), rabbit anti-p-mTOR-
(Ser2448) antibody (5536, 1:1000, Cell Signaling Technologies, Danvers, MA, USA), rabbit
anti-ULK1 antibody (ab240916, 1:1000, Abcam, Cambridge, UK), rabbit anti-LC3B antibody
(ab192890, 1:2000, Abcam, Cambridge, UK), rabbit anti-SQSTM1\ P62 antibody (AP6006,
1:1000, Bioworld Technology, Louis Park, MN, USA), rabbit anti-LAMP1 antibody (ab13523,
1:1000, Abcam, Cambridge, UK), rabbit anti-Cathepsin B antibody (31718, 1:1000, Cell
Signaling Technologies, Danvers, MA, USA), and mouse anti-GAPDH antibody (MB001,
1:40,000, Bioworld Technology, Louis Park, MN, USA). The secondary antibodies used were
anti-mouse/rabbit IgG and HRP-linked antibodies (BS12478/BS14278, 1:40,000, Bioworld
Technology, Louis Park, MN, USA). Blots were quantified using an image analyzer (Com-
plex2000, Nanjing Puoxin Biotechnology, Nanjing, China).

2.4. Real-Time Quantitative PCR (qPCR)

Following the manufacturer’s instructions, total RNA was extracted from the cortex
and the hippocampus tissue using an RNeasy kit and then reverse transcribed into cDNA
using a Transcriptor First Strand cDNA Synthesis Kit (TaKaRa Bio, Dalian, China). As
described in Table 1, specific primers and probes for rat BACE1, PS1, LC3B, CTSB, CTSD,
IL6, NFxB, TNFa, and GAPDH were used, GAPDH being the internal reference standard.
In a 40-cycle PCR, the denaturation, annealing, and extension conditions of each PCR cycle
were 95 °C for 30 s, 95 °C for 5 s, and 60 °C for 30 s, respectively. Real-time PCR was
executed using on-demand gene expression assays and a Takara PCR thermal cycler dice
real-time system (TaKaRa Bio, Dalian, China). After standardizing the Ct value to GAPDH
expression, mRNA levels were calculated and presented as fold-induction values (2 -2t
relative to those of the control rats.

Table 1. Rat primer sequences used for quantitative real-time PCR.

Gene Primers
BACE1 F:5-TCTGTCGGAGGGAGCATGAT-3’
R:5-GCAAACGAAGGTTGGTGGT-3’
PS1 F.5-CATCATGATCAGTGTCATTGTTGT-3’
R:5-TGCATTATACTTGGAATTTTTGGA-3’
LC3B F:5'-GGAAGATGTCCGGCTCATC-3’
R:5’-CTTCTCACCCTTGTATCGCTCTAA-3’
CTSB F:5-AGGCTGGACGCAACTTCTAC-3’
R:5-ACTGTTCCCGTGCATCAAA-3’
CTSD F.5-CCTGGGCGATGTCTTTATTG-3’
R:5-GGCAAAGCCGACCCTATT-3’
IL6 F:5-AGAGACTTCCAGCCAGTTGC-3’
R:5’-TGAAGTCTCCTCTCCGGACT-3’
NFxB F:5-TGTCTGCACCTGTTCCAAAGAT-3’
R:5-TGCCAGGTCTGTGAACACTC-3’
TNF« F:5-CGTCAGCCGATTTGCCATTT-3’
R:5’-TCCCTCAGGGGTGTCCTTAG-3’
GAPDH F:5-GACAACTTTGGCATCGTGGA-3’

R:5-ATGCAGGGATGATGTTCTGG-3’

2.5. Transmission Electron Microscopy (TEM)

Three rats from each group were sacrificed. The hippocampus was obtained and fixed
with 2.5% glutaraldehyde in cacodylate buffer, dehydrated with an ethanol gradient, made
transparent with xylene, immersed in paraffin, and cooled to —20 °C. Thin sections (50 nm)
of the tissue were put on copper grids for inspection with a TECNAI G 20 TWIN electron
microscope (FEI, Hillsboro, OR, USA) and doubly stained with saturated aqueous solutions
containing 2% uranium acetate and 2% lead citrate.
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2.6. Statistical Analysis

The graphs show group means and standard deviations. Statistical analysis was
implemented using the SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 8 (Graphpad Software, San Diego, CA, USA). The Student’s t-test was used to
determine the statistical significance. Differences were considered statistically significant
when the p value was <0.05.

3. Results
3.1. Around-the-Clock Noise Exposure Is Associated with AD-like Neuropathology in the Cortex
and Hippocampus of Rats

To investigate the effects of around-the-clock noise exposure on AD-like neuropathol-
ogy, we evaluated the degree of tau hyperphosphorylation at Ser396 and Ser404 residues,
neuroinflammatory changes, and Af3 accumulation in the cortex and the hippocampus
using Western blotting. We also examined the mRNA expression levels of PS1 and BACET.
The expression of AP42, Ser396, Ser404, and GFAP in the rat cortex and hippocampus
were significantly higher (p < 0.05) in the around-the-clock noise group (Figure 1A-E,H-L).
Furthermore, the mRNA expression of PS1 and BACE1 increased following 40 days of 24-h
noise exposure (Figure 1F,G,M,N). These data suggest that exposure to around-the-clock
noise may aggravate the neuropathology characteristically seen in AD.
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Figure 1. Around-the-clock noise (24 h/day) exposure leads to AD-like neuropathology in the cortex
and hippocampus of rats. (A,H) Western blot of A3, phosphorylated tau, and GFAP expression in
the cortex and hippocampus. (B-E,I-L) Quantification data showed that around-the-clock noise
(24 h/day) increases the expression of AB, Tau396, Tau404, and GFAP in the cortex and hippocampus
(n =6 per group). (F,G,M,N ) The mRNA expression of PS1 and BACE1 in the cortex and hippocampus
(n =4 per group). *p <0.05,** p < 0.01.
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3.2. Around-the-Clock Noise Exposure Is Associated with Neuroinflammation in the Cortex and
Hippocampus of Rats

To study the impact of around-the-clock noise exposure on brain inflammation, the
mRNA expression of IL6, TNFa, and NFxB in the cortex and the hippocampus were
examined (Figure 2A-F), which were significantly higher in the rats exposed to around-
the-clock noise compared with the control rats. These results are highly suggestive of the
occurrence of an inflammatory response in the brain of the rats exposed to around-the-
clock noise.
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Figure 2. Around-the-clock noise (24 h/day) exposure is associated with neuroinflammation in the
cortex and hippocampus of rats. (A-F) The mRNA expression of IL6, TNF«, and NFxB in the cortex
and hippocampus (1 = 4 per group). * p < 0.05, ** p < 0.01.

3.3. Around-the-Clock Noise Exposure Suppresses the Initial Stage of Autophagy Driven by the
AMPK-mTOR Pathway

Many signaling pathways are implicated in autophagy, including those involving
mTOR and AMPK [19-21]. mTOR negatively regulates autophagy, whereas AMPK posi-
tively regulates it [22,23]. To elucidate the mechanism of around-the-clock noise-induced
autophagy, we evaluated the levels of an mTOR target protein ULK1. As a Ser/Thr kinase,
mTOR is known to inhibit autophagy by suppressing the phosphorylation of ULK1 [24].
The cortex and the hippocampus of the rats exposed to around-the-clock noise exhib-
ited significantly higher (p < 0.05) expression of p-mTOR and mTOR (Figure 3A,E-G,K,L)
compared with the control rats. ULK1, a downstream target protein of mTOR, is com-
monly used as a proxy measure of mTOR activity [25]. We discovered that the expression
of ULK1 (Figure 3A,D,G)]) in the cortex and the hippocampus was markedly reduced
(p < 0.05) in the around-the-clock noise exposure rats compared with the control group.
AMPK also negatively controls mTOR activity [26]. The expression of p-AMPK and
AMPK (Figure 3A-C,G-I) in the cortex and the hippocampus of the noise-exposed rats was
markedly decreased (p < 0.05) compared with those of the control rats. These results suggest
that around-the-clock noise inhibits autophagy in the brains of the 24-h noise-exposed rats
by regulating the AMPK/mTOR pathway:.
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Figure 3. Around-the-clock noise (24 h/day) exposure suppresses the initial stage of autophagy
driven by the AMPK-mTOR pathway. (A,G) Western blot of AMPK, p-AMPK, mTOR, p-mTOR,
and ULKT1 expression in the cortex and hippocampus. (B-F,H-L) Quantification data showed that
around-the-clock noise (24 h/day) affects the expression of AMPK, p-AMPK, mTOR, p-mTOR, and

ULKT1 in the cortex and hippocampus (1 = 6 per group). * p < 0.05, ** p < 0.01.

3.4. Around-the-Clock Noise Exposure Increases AP Formation

To investigate the impact of around-the-clock noise exposure on autophagosome
formation, we tested the mRNA and protein levels of microtubule-associated LC3B in the
cortex and the hippocampus. The around-the-clock noise exposure group had a higher
expression of LC3B than the control group (Figure 4A,B,D-FH). Of note, an increase
in LC3B can indicate either activated autophagy or impaired LC3B degradation during
autophagy progression [27]. To clarify this, we further tested the level of SQSTM1/P62, a
well-known substrate degraded in autophagy. The P62 level was much higher in the 24-h
noise exposure rats compared with the control group (Figure 4A,C,E,G), demonstrating

that the clearance of P62 was inhibited in the 24-h noise exposure rats.

We next examined the APs in the hippocampus of the 24-h noise exposure rats using
TEM. APs were observed in the hippocampus of the 24-h noise exposure rats but were
difficult to detect in the control group rats (Figure 41,]). Taken together, these data indicate

that exposure to around-the-clock noise leads to AP accumulation.
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Figure 4. Around-the-clock noise (24 h/day) exposure increases AP formation. (A,E) Western blot
of p62 and LC3B expression in the cortex and hippocampus. (B,C,F,G) Quantification data showed
that around-the-clock noise (24 h/day) increases the expression of p62 and LC3B in the cortex and
hippocampus (1 = 6 per group). (D,H) The expression of LC3B at the RNA level in the cortex and
hippocampus (1 = 4 per group). (IJ) The ultrastructural hippocampus changes were observed with

transmission electron microscopy (scale bar: 1um). * p < 0.05.

3.5. Around-the-Clock Noise Exposure Impairs Autophagosome-Lysosome Fusion and Degradation

To investigate the impact of around-the-clock noise exposure on lysosome biogenesis,
the levels of LAMP1, a lysosomal structural protein, in the cortex and the hippocampus
were analyzed by Western blot (Figure 5). The expression of LAMP1 and cathepsin B (CTSB)
protein was significantly decreased (p < 0.05) in rats exposed to around-the-clock noise
compared with the control rats (Figure 5A-C,F-H). CTSB and cathepsin D (CTSD), two
major lysosomal hydrolytic enzymes, were detected in the cortex and the hippocampus
of rats exposed to around-the-clock noise. The mRNA levels of CTSB and CTSD were
significantly lower (p < 0.05) in the rats exposed to around-the-clock noise (Figure 5D,E,L]).
These results suggest that autophagosome-lysosome fusion and degradation are impaired
in the brains of the rats exposed to around-the-clock noise.
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Figure 5. Around-the-clock noise (24 h/day) exposure impairs autophagosome-lysosome fusion and
degradation. (A,F) Western blot of LAMP1 and CTSB expression in the cortex and hippocampus.
(B,C,G,H) Quantification data showed that around-the-clock noise (24 h/day) decreases the expres-
sion of LAMP1 and CTSB in the cortex and hippocampus (1 = 6 per group). (D,E,L]J) The mRNA
expression of CTSB and CTSD in the cortex and hippocampus (1 = 4 per group). * p < 0.05, ** p < 0.01.

4. Discussion

In this research, we verified that around-the-clock noise exposure can induce a string
of functional autophagic flux disruptions and AD-like neuropathology in the cortex and
the hippocampus of rats; these include abnormalities in AMPK-mTOR signaling and
autophagosome-lysosome fusion, accumulation of APs related to amyloid pathology, tau
hyperphosphorylation, and neuroinflammation. Moreover, we discovered that autophagy
may play a role in aggravating the occurrence of AD-like neuropathology after around-the-
clock noise exposure, which may provide a new dimension to the mechanisms of the effect
of around-the-clock noise exposure on the nervous system.

Previous studies have shown that exposure to noise causes auditive system abnormal-
ities, such as inducing threshold shift and damaging synapses formed by inner hair cells
and spiral ganglion nerves [28,29]. Noise exposure for 4 h/d can also induce non-auditory
effects, such as spatial memory and learning disorders, and significantly increase AD-like
changes in the hippocampus and the cortex [8]. Occupational exposure limits for noise
are typically 85 dBA as an 8-h time-weighted average, with the remaining 16 h of the day
recommended for off-duty to let recovery from any temporary auditory and non-auditory
effects that may have happened during the preceding work shift. Long-term continuous
noise exposure patterns in long oceangoing voyages are one of the most obvious factors



Cells 2022, 11, 2742

90f13

showing the effect of noise exposure [1,30], which may increase the risk of irreversible
damage in the nervous system of navy personnel. Here, we focused on the possible harmful
effects of around-the-clock noise exposure and found that around-the-clock noise not only
increased A expression, tau phosphorylation at Ser396 and Ser404, and neuroinflamma-
tion but also seemed to cause more significant AD-like pathological changes compared
with part-time exposure [31,32]. Therefore, it is extremely important to understand the
underlying mechanism of around-the-clock noise exposure on AD-like neuropathology.

Previous studies have found that AD-like pathological Af3 and hyperphosphorylated
tau protein were degraded via the autophagic pathway [33], and the dysfunction of au-
tophagy in different stages caused neurodegenerative diseases, including the dysfunction
of AMPK-mTOR-mediated autophagy initiation [34], blocked APs degradation [35], and
decreased autophagy-lysosome function [36]. Our aim was to study the effect of around-
the-clock noise on different stages of autophagy flow; therefore, we firstly detected the
effect of around-the-clock noise on the AMPK-mTOR signaling pathway. Autophagy is
regulated primarily by mTOR and AMPK, and a key regulator of autophagosome formation
is ULK1. AMPK promotes autophagy by phosphorylating ULK1, whereas mTOR inhibits
autophagy by inhibiting ULK1 phosphorylation [37,38]. AMPK-mediated inhibition of
ULKT1 involves two mechanisms: direct inhibition of phosphorylated ULK1 by AMPK and
indirect inhibition of ULK1 phosphorylation by activating mTOR phosphorylation [39-41].
In our study, AMPK activity was notably impaired, mTOR activation was higher, and the
expression of ULK1 was lower in the hippocampus and the cortex of the rats exposed to
around-the-clock noise. These results show that around-the-clock noise-induced dyshome-
ostasis of autophagy flux is mediated through AMPK’s indirect inhibition of ULK1 by
activating mTOR.

Next, we investigated the stage of AP formation. LC3B is the most commonly used
marker for APs [42] and the presence of lipidated LC3B may signal the formation of APs.
Lysosomal hydrolases degrade LC3B after lipidation [43]. Furthermore, P62 aggregates are
widely used as an indicator of autophagic degradation [42]. In this study, we found that
the expression of LC3B and P62 in the cortex and the hippocampus increased significantly
after around-the-clock noise exposure. Increased P62 indicates a decrease in lysosomal
degradation function, thereby leading to the accumulation of LC3B. These results suggest
that around-the-clock noise exposure impairs autophagic flux and induces the accumulation
of APs. Our TEM results also show increased APs after around-the-clock noise exposure.
Because APs are normally quickly transported to the cell body and degraded, they are
scarcely found in normal nervous system tissue. A3, PS1, and BACE1 complexes present
abundantly in the APs when the maturation and degradation of APs become obstructed,
leading to AD-like pathological changes in AD cases and mouse models [44,45]. Consistent
with our results, the expression of LC3B and P62 was shown to be greatly elevated following
exposure to manganese. Interestingly, this resulted from the damage to the autolysosome
function [35]. Therefore, we speculate that the accumulation of APs after around-the-clock
noise exposure is caused by the decrease in the autolysosome function.

Autophagosome-lysosome degradation is the last stage of autophagy. After fusing
with lysosomes, the autophagosome contents and inner membrane are broken down by
lysosomal enzymes. LAMP1 is found in autophagic and lysosomal organelles and helps
sustain the structural integrity of the lysosomal membrane, which is crucial for lysosomal
stability and autophagy [46]. The lysosomal proteases CTSB and CTSD are crucial for
maintaining cellular proteostasis by converting substrates for endocytosis, phagocytosis,
and autophagy [47]. Consequently, to further illustrate the possible reasons for increased
APs by around-the-clock noise, we explored the potential effect of around-the-clock noise
in lysosomes by measuring changes in LAMP1, CTSB, and CTSD levels in the cortex
and the hippocampus. We found that the expression of these three proteins decreased
markedly after exposure to around-the-clock noise. Consistent with this observation, a
study found that AP accumulation in AD may synergistically cause the destruction of the
autophagy-lysosome system [36]. These results demonstrate that an impaired fusion of the
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autophagosome with lysosome leads to the accumulation of APs, which, in turn, blocks
the degradation of A and tau phosphorylation, resulting in AD-like neuropathology.
Taken together, our results suggest a disruption in the fusion of APs and lysosomes or a
reduction in the number and function of lysosomes, ultimately leading to dyshomeostasis
of autophagy flux and AD-like neuropathology in rats exposed to around-the-clock noise.

5. Conclusions

Exposure to around-the-clock noise, likely by disrupting the homeostasis of au-
tophagy flux, aggravates amyloid and tau pathology in AD-related brain regions. Chronic
uninterrupted noise exposure causes abnormal AMPK-mTOR signaling and prevents
autophagosome-lysosome fusion, leading to the accumulation of APs related to amyloid
pathology, tau hyperphosphorylation, and neuroinflammation. Consequently, APs accumu-
late in the cortex and the hippocampus in a manner resembling AD-like neuropathology,
as shown in Figure 6. These discoveries broaden our understanding of the mechanisms
associated with the pathology of cognitive impairment following exposure to around-the-
clock noise. It also provides the basis for the mechanism of neurodegeneration caused by a
specific environmental factor. Furthermore, the study of dynamic changes in autophagic
flux in the pathogenesis of AD is an important approach to reveal the pathogenesis of AD,
offers a theoretical basis for the assessment of health risks, and highlights the need for
future work in harm prevention and control strategies for military operators exposed to
around-the-clock noise during extended naval voyages.

AMPK
b
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F o H
ETTOLR Autophagosome L !

Phagophore

Figure 6. Around-the-clock noise (24 h/day) exposure disrupts autophagy flux, inducing AD-
like neuropathology. Schematic representation of the findings of this study. Around-the-clock
noise (24 h/day) exposure leads to AMPK inhibition, which then activates mTOR signaling to
inhibit autophagy. Autophagy is impaired in the stages of autophagosome-lysosome fusion and
degradation in rats exposed to around-the-clock noise. Inhibition of autophagy associated with
around-the-clock noise exposure may aggravate the burden of APs and foster the development of
AD-like neuropathology.



Cells 2022, 11, 2742 110f13

Author Contributions: Conceptualization, B.C.; methodology, P.Z. and X.S., software, C.W.,; valida-
tion, B.F. and K.M.; formal analysis, H.Y. and X.G.; investigation, B.C.; data curation, X.L. and EW.;
writing—original draft preparation, P.Z.; writing—review and editing, P.Z. and X.S.; visualization,
Y.Z.; supervision, C.W.; funding acquisition, B.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 81673136)
and Scientific Research Projects (No. JK20202A020453, 20WQ042), awarded to B.C.

Institutional Review Board Statement: All tests were carried out in accordance with the procedures
outlined and approved by the Tianjin Institute of Environmental Medicine and Operational Medicine’s
Animal and Human Use of Research Committee. The approval number is IACUC of AMMS-04-2022-025.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schaal, N.C.; Salaam, R.A.; Stevens, M.E.; Stubner, A.H. Living at Work: 24-hour Noise Exposure Aboard US Navy Aircraft
Carriers. Ann. Work. Expo. Health 2019, 63, 316-327. [CrossRef] [PubMed]

2. Schaal, N.; Lange, K.; Majar, M. Noise at sea: Characterization of extended shift noise exposures among U.S. Navy aircraft carrier
support personnel. J. Occup. Environ. Hyg. 2019, 16, 109-119. [CrossRef] [PubMed]

3. Schaal, N.C,; Salaam, R.A.; Stevens, M.; Stubner, A. Noise characterization of “effective quiet” areas on a U.S. Navy aircraft carrier.
J. Occup. Environ. Hyg. 2019, 16, 329-335. [CrossRef]

4. Paul, K.C; Haan, M.; Mayeda, E.R.; Ritz, B.R. Ambient Air Pollution, Noise, and Late-Life Cognitive Decline and Dementia Risk.
Annu. Rev. Public. Health 2019, 40, 203-220. [CrossRef] [PubMed]

5. Cheng, H.; Sun, G.; Li, M.; Yin, M.; Chen, H. Neuron loss and dysfunctionality in hippocampus explain aircraft noise induced
working memory impairment: A resting-state fMRI study on military pilots. Biosci. Trends 2019, 13, 430-440. [CrossRef]

6. Raza, Z.; Hussain, S.F; Ftouni, S.; Spitz, G.; Caplin, N.; Foster, R.G.; Gomes, R.S.M. Dementia in military and veteran populations:
A review of risk factors-traumatic brain injury, post-traumatic stress disorder, deployment, and sleep. Mil. Med. Res. 2021, 8, 55.
[CrossRef]

7. Su, D.; Li, W,; She, X.; Chen, X.; Zhai, Q.; Cui, B.; Wang, R. Chronic noise exposure exacerbates AD-like neuropathology in SAMP8
mice in relation to Wnt signaling in the PFC and hippocampus. Sci. Rep. 2018, 8, 14622.

8.  Cui, B,; Su, D,; Li, W,; She, X.; Zhang, M.; Wang, R.; Zhai, Q. Effects of chronic noise exposure on the microbiome-gut-brain axis in
senescence-accelerated prone mice: Implications for Alzheimer’s disease. J. Neuroinflammation 2018, 15, 190. [CrossRef]

9. Cui, B; Li, K;; Gai, Z; She, X.; Zhang, N.; Xu, C.; Chen, X.; An, G.; Ma, Q.; Wang, R. Chronic Noise Exposure Acts Cumulatively
to Exacerbate Alzheimer’s Disease-Like Amyloid-f3 Pathology and Neuroinflammation in the Rat Hippocampus. Sci. Rep. 2015,
5,12943. [CrossRef]

10. Gai, Z,; Su, D.; Wang, Y.; Li, W,; Cui, B,; Li, K,; She, X.; Wang, R. Effects of chronic noise on the corticotropin-releasing factor
system in the rat hippocampus: Relevance to Alzheimer’s disease-like tau hyperphosphorylation. Environ. Health Prev. Med.
2017, 22, 79. [CrossRef]

11.  Caccamo, A.; Ferreira, E.; Branca, C.; Oddo, S. p62 improves AD-like pathology by increasing autophagy. Mol. Psychiatry 2017, 22,
865-873. [CrossRef] [PubMed]

12.  Cai, Q.; Jeong, Y.Y. Mitophagy in Alzheimer’s Disease and Other Age-Related Neurodegenerative Diseases. Cells 2020, 9, 150.
[CrossRef] [PubMed]

13. Gallart-Palau, X.; Guo, X,; Serra, A.; Sze, S.K. Alzheimer’s disease progression characterized by alterations in the molecular
profiles and biogenesis of brain extracellular vesicles. Alzheimers Res. 2020, 12, 54. [CrossRef]

14. Hung, C.; Livesey, EJ. Endolysosome and autophagy dysfunction in Alzheimer disease. Autophagy 2021, 17, 3882-3883. [CrossRef]
[PubMed]

15.  Wani, A.; Al Rihani, S.B.; Sharma, A.; Weadick, B.; Govindarajan, R.; Khan, S.U.; Sharma, PR.; Dogra, A.; Nandi, U.; Reddy, C.N.
Crocetin promotes clearance of amyloid-$ by inducing autophagy via the STK11/LKB1-mediated AMPK pathway. Autophagy
2021, 17, 3813-3832. [CrossRef] [PubMed]

16. Ham III, P.B.; Raju, R. Mitochondrial function in hypoxic ischemic injury and influence of aging. Prog. Neurobiol. 2017, 157,
92-116.

17.  Silva, L.EES.E.; Brito, M.D.; Yuzawa, ] M.C.; Rosenstock, T.R. Mitochondrial Dysfunction and Changes in High-Energy Compounds
in Different Cellular Models Associated to Hypoxia: Implication to Schizophrenia. Sci. Rep. 2019, 9, 18049. [CrossRef]

18. Li, W,; Su, D.; Zhai, Q.; Chi, H.; She, X.; Gao, X.; Wang, K.; Yang, H.; Wang, R.; Cui, B. Proteomes analysis reveals the involvement
of autophagy in AD-like neuropathology induced by noise exposure and ApoE4. Environ. Res. 2019, 176, 108537. [CrossRef]

19. Kinsey, C.G.; Camolotto, S.A.; Boespflug, A.M.; Guillen, K.P,; Foth, M.; Truong, A.; Schuman, S.S.; Shea, J.E.; Seipp, M.T.; Yap, ].T.

Protective autophagy elicited by RAF—+MEK—ERK inhibition suggests a treatment strategy for RAS-driven cancers. Nat. Med.
2019, 25, 620-627. [CrossRef]


http://doi.org/10.1093/annweh/wxz005
http://www.ncbi.nlm.nih.gov/pubmed/30855086
http://doi.org/10.1080/15459624.2018.1540878
http://www.ncbi.nlm.nih.gov/pubmed/30457491
http://doi.org/10.1080/15459624.2019.1591628
http://doi.org/10.1146/annurev-publhealth-040218-044058
http://www.ncbi.nlm.nih.gov/pubmed/30935305
http://doi.org/10.5582/bst.2019.01190
http://doi.org/10.1186/s40779-021-00346-z
http://doi.org/10.1186/s12974-018-1223-4
http://doi.org/10.1038/srep12943
http://doi.org/10.1186/s12199-017-0686-8
http://doi.org/10.1038/mp.2016.139
http://www.ncbi.nlm.nih.gov/pubmed/27573878
http://doi.org/10.3390/cells9010150
http://www.ncbi.nlm.nih.gov/pubmed/31936292
http://doi.org/10.1186/s13195-020-00623-4
http://doi.org/10.1080/15548627.2021.1963630
http://www.ncbi.nlm.nih.gov/pubmed/34429033
http://doi.org/10.1080/15548627.2021.1872187
http://www.ncbi.nlm.nih.gov/pubmed/33404280
http://doi.org/10.1038/s41598-019-53605-4
http://doi.org/10.1016/j.envres.2019.108537
http://doi.org/10.1038/s41591-019-0367-9

Cells 2022, 11, 2742 12 0f13

20. Gu, X;; Li, Y;; Chen, K.; Wang, X.; Wang, Z.; Lian, H.; Lin, Y.; Rong, X.; Chu, M.; Lin, J. Exosomes derived from umbilical cord
mesenchymal stem cells alleviate viral myocarditis through activating AMPK/mTOR-mediated autophagy flux pathway. J. Cell.
Mol. Med. 2020, 24, 7515-7530. [CrossRef]

21. Hou, T; Sun, X.; Zhu, J.; Hon, K.L,; Jiang, P.; Chu, LM.-T.; Tsang, M.S5.-M.; Lam, C.W.-K.; Zeng, H.; Wong, C.-K. IL-37 Ameliorating
Allergic Inflammation in Atopic Dermatitis Through Regulating Microbiota and AMPK-mTOR Signaling Pathway-Modulated
Autophagy Mechanism. Front. Immunol. 2020, 11, 752. [CrossRef] [PubMed]

22. Lee, TY,; Lu, W],; Changou, C.A ; Hsiung, Y.C.; Trang, N.T.T.; Lee, C.Y.; Chang, T.-H.; Jayakumar, T.; Hsieh, C.-Y.; Yang, C.-H.
Platelet autophagic machinery involved in thrombosis through a novel linkage of AMPK-MTOR to sphingolipid metabolism.
Autophagy 2021, 17, 4141-4158. [CrossRef] [PubMed]

23. Luo, Q.; Song, Y.; Kang, J.; Wu, Y,; Wu, F; Li, Y,; Dong, Q.; Wang, J.; Song, C.; Guo, H. mtROS-mediated Akt/ AMPK/mTOR
pathway was involved in Copper-induced autophagy and it attenuates Copper-induced apoptosis in RAW264.7 mouse monocytes.
Redox. Biol. 2021, 41, 101912. [CrossRef]

24. Zhang, Y.; Yan, M,; Kuang, S.; Lou, Y.; Wu, S.; Li, Y.; Wang, Z.; Mao, H. Bisphenol A induces apoptosis and autophagy in murine
osteocytes MLO-Y4: Involvement of ROS-mediated mTOR/ULK1 pathway. Ecotoxicol. Environ. Saf. 2021, 230, 113119. [CrossRef]

25. Zhang, L.; Wang, H.; Zhu, J.; Xu, J.; Ding, K. Mollugin induces tumor cell apoptosis and autophagy via the PI3K/AKT/mTOR/p70S6K
and ERK signaling pathways. Biochem. Biophys. Res. Commun. 2014, 450, 247-254. [CrossRef]

26. Chun, Y; Kim, J. AMPK-mTOR Signaling and Cellular Adaptations in Hypoxia. Int. J. Mol. Sci. 2021, 22, 9765. [CrossRef]

27. Fan, S; Yue, L; Wan, W.; Zhang, Y.; Zhang, B.; Otomo, C.; Li, Q.; Lin, T.; Hu, J.; Xu, P. Inhibition of Autophagy by a Small
Molecule through Covalent Modification of the LC3 Protein. Angew. Chem. Int. Ed. Engl. 2021, 60, 26105-26114. [CrossRef]

28. Rybalko, N.; Mitrovic, D.; Suta, D.; Bures, Z.; Popelat, J.; Syka, J. Behavioral evaluation of auditory function abnormalities in
adult rats with normal hearing thresholds that were exposed to noise during early development. Physiol. Behav. 2019, 210, 112620.
[CrossRef]

29. Ma, K,; Zhang, A.; She, X,; Yang, H.; Wang, K.; Zhu, Y.; Gao, X.; Cui, B. Disruption of Glutamate Release and Uptake-Related
Protein Expression After Noise-Induced Synaptopathy in the Cochlea. Front. Cell. Dev. Biol. 2021, 9, 720902. [CrossRef]

30. Alamgir, H.; Turner, C.A.; Wong, N.J.; Cooper, S.P.; Betancourt, J.A.; Henry, J.; Senchak, A.J.; Hammill, T.L.; Packer, M.D.
The impact of hearing impairment and noise-induced hearing injury on quality of life in the active-duty military population:
Challenges to the study of this issue. Mil. Med. Res. 2016, 3, 11. [CrossRef]

31. Chi, H,; Zhai, Q.; Zhang, M.; Su, D.; Cao, W,; Li, W,; She, X.; Yang, H.; Wang, K.; Gao, X. APP/PS1 Gene-Environment Noise
Interaction Aggravates AD-like Neuropathology in Hippocampus Via Activation of the VDAC1 Positive Feedback Loop. Curr.
Alzheimer Res. 2021, 18, 14-24. [CrossRef] [PubMed]

32. Su, D,;Li, W; Chi, H,; Yang, H.; She, X.; Wang, K.; Gao, X.; Ma, K.; Zhang, M.; Cui, B. Transcriptome analysis of the hippocampus
in environmental noise-exposed SAMPS8 mice reveals regulatory pathways associated with Alzheimer’s disease neuropathology.
Environ. Health Prev. Med. 2020, 25, 3. [CrossRef] [PubMed]

33. Luo, R; Su, LY Li, G; Yang, J.; Liu, Q.; Yang, L.X.; Zhang, D.-E; Zhou, H.; Xu, M.; Fan, Y. Activation of PPARA-mediated
autophagy reduces Alzheimer disease-like pathology and cognitive decline in a murine model. Autophagy 2020, 16, 52-69.
[CrossRef] [PubMed]

34. Benito-Cuesta, I.; Ordofiez-Gutiérrez, L.; Wandosell, F. AMPK activation does not enhance autophagy in neurons in contrast to
MTORCI inhibition: Different impact on -amyloid clearance. Autophagy 2021, 17, 656-671. [CrossRef] [PubMed]

35. Wang, D.; Zhang, J.; Jiang, W.; Cao, Z.; Zhao, F; Cai, T.; Aschner, M.; Luo, W. The role of NLRP3-CASP1 in inflammasome-
mediated neuroinflammation and autophagy dysfunction in manganese-induced, hippocampal-dependent impairment of
learning and memory ability. Autophagy 2017, 13, 914-927. [CrossRef] [PubMed]

36. Feng, Q.; Luo, Y,; Zhang, X.N.; Yang, X.E; Hong, X.Y.; Sun, D.S,; Li, X.-C.; Hu, Y,; Li, X.-G.; Zhang, J.-F. MAPT/Tau accu-
mulation represses autophagy flux by disrupting IST1-regulated ESCRT-III complex formation: A vicious cycle in Alzheimer
neurodegeneration. Autophagy 2020, 16, 641-658. [CrossRef]

37. Xiang, X,; Tian, Y.; Hu, J.; Xiong, R.; Bautista, M.; Deng, L.; Yue, Q.; Li, Y.; Kuang, W.; Li, ]. Fangchinoline exerts anticancer effects
on colorectal cancer by inducing autophagy via regulation AMPK/mTOR /ULK1 pathway. Biochem. Pharm. 2021, 186, 114475.
[CrossRef]

38. Huang, Z.; Zhou, X.; Zhang, X.; Huang, L.; Sun, Y.; Cheng, Z.; Xu, W,; Li, C.-G.; Zheng, Y.; Huang, M. Pien-Tze-Huang,
a Chinese patent formula, attenuates NLRP3 inflammasome-related neuroinflammation by enhancing autophagy via the
AMPK/mTOR/ULKI1 signaling pathway. Biomed. Pharm. 2021, 141, 111814. [CrossRef]

39. Lin,M,; Hua, R;; Ma, ].; Zhou, Y; Li, P; Xu, X;; Yu, Z.; Quan, S. Bisphenol A promotes autophagy in ovarian granulosa cells by
inducing AMPK/mTOR/ULK1 signalling pathway. Environ. Int. 2021, 147, 106298. [CrossRef]

40. Wang, L.; Yuan, D.; Zheng, J.; Wu, X,; Wang, J.; Liu, X,; He, Y.,; Zhang, C.; Liu, C.; Wang, T. Chikusetsu saponin IVa attenuates
isoprenaline-induced myocardial fibrosis in mice through activation autophagy mediated by AMPK/mTOR/ULK1 signaling.
Phytomedicine 2019, 58, 152764. [CrossRef]

41. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.
Cell Biol. 2011, 13, 132-141. [CrossRef] [PubMed]


http://doi.org/10.1111/jcmm.15378
http://doi.org/10.3389/fimmu.2020.00752
http://www.ncbi.nlm.nih.gov/pubmed/32411145
http://doi.org/10.1080/15548627.2021.1904495
http://www.ncbi.nlm.nih.gov/pubmed/33749503
http://doi.org/10.1016/j.redox.2021.101912
http://doi.org/10.1016/j.ecoenv.2021.113119
http://doi.org/10.1016/j.bbrc.2014.05.101
http://doi.org/10.3390/ijms22189765
http://doi.org/10.1002/anie.202109464
http://doi.org/10.1016/j.physbeh.2019.112620
http://doi.org/10.3389/fcell.2021.720902
http://doi.org/10.1186/s40779-016-0082-5
http://doi.org/10.2174/1567205018666210324114153
http://www.ncbi.nlm.nih.gov/pubmed/33761858
http://doi.org/10.1186/s12199-019-0840-6
http://www.ncbi.nlm.nih.gov/pubmed/31918655
http://doi.org/10.1080/15548627.2019.1596488
http://www.ncbi.nlm.nih.gov/pubmed/30898012
http://doi.org/10.1080/15548627.2020.1728095
http://www.ncbi.nlm.nih.gov/pubmed/32075509
http://doi.org/10.1080/15548627.2017.1293766
http://www.ncbi.nlm.nih.gov/pubmed/28318352
http://doi.org/10.1080/15548627.2019.1633862
http://doi.org/10.1016/j.bcp.2021.114475
http://doi.org/10.1016/j.biopha.2021.111814
http://doi.org/10.1016/j.envint.2020.106298
http://doi.org/10.1016/j.phymed.2018.11.024
http://doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367

Cells 2022, 11, 2742 13 0f 13

42.

43.

44.

45.

46.

47.

Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P;
Acevedo-Arozena, A. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition)!. Autophagy
2021, 17, 1-382. [PubMed]

Zheng, X.; Lin, W,; Jiang, Y.; Lu, K.; Wei, W.; Huo, Q.; Cui, S.; Yang, X; Li, M.; Xu, N. Electroacupuncture ameliorates beta-amyloid
pathology and cognitive impairment in Alzheimer disease via a novel mechanism involving activation of TFEB (transcription
factor EB). Autophagy 2021, 17, 3833-3847. [CrossRef] [PubMed]

Jiang, R.; Smailovic, U.; Haytural, H.; Tijms, B.M.; Li, H.; Haret, R.M.; Shevchenko, G.; Chen, G.; Abelein, A.; Gobom, J. Increased
CSF-decorin predicts brain pathological changes driven by Alzheimer’s A amyloidosis. Acta. Neuropathol. Commun. 2022, 10, 96.
[CrossRef]

Long, Z.; Chen, J.; Zhao, Y.; Zhou, W.; Yao, Q.; Wang, Y.; He, G. Dynamic changes of autophagic flux induced by Abeta in the
brain of postmortem Alzheimer’s disease patients, animal models and cell models. Aging 2020, 12, 10912-10930. [CrossRef]
Wilke, S.; Krausze, J.; Blissow, K. Crystal structure of the conserved domain of the DC lysosomal associated membrane protein:
Implications for the lysosomal glycocalyx. BMC Biol. 2012, 10, 62. [CrossRef]

Marques, A.R.A.; Di Spiezio, A.; Thielen, N.; Schmidt, L.; Grétzinger, J.; Lillmann-Rauch, R.; Damme, M.; Storck, S.E.;
Pietrzik, C.U.; Fogh, ]. Enzyme replacement therapy with recombinant pro-CTSD (cathepsin D) corrects defective proteolysis and
autophagy in neuronal ceroid lipofuscinosis. Autophagy 2020, 16, 811-825. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/33634751
http://doi.org/10.1080/15548627.2021.1886720
http://www.ncbi.nlm.nih.gov/pubmed/33622188
http://doi.org/10.1186/s40478-022-01398-5
http://doi.org/10.18632/aging.103305
http://doi.org/10.1186/1741-7007-10-62
http://doi.org/10.1080/15548627.2019.1637200

	Introduction 
	Materials and Methods 
	Animals and Experimental Groups 
	Noise Exposure Set-Up 
	Western Blot Analysis 
	Real-Time Quantitative PCR (qPCR) 
	Transmission Electron Microscopy (TEM) 
	Statistical Analysis 

	Results 
	Around-the-Clock Noise Exposure Is Associated with AD-like Neuropathology in the Cortex and Hippocampus of Rats 
	Around-the-Clock Noise Exposure Is Associated with Neuroinflammation in the Cortex and Hippocampus of Rats 
	Around-the-Clock Noise Exposure Suppresses the Initial Stage of Autophagy Driven by the AMPK-mTOR Pathway 
	Around-the-Clock Noise Exposure Increases AP Formation 
	Around-the-Clock Noise Exposure Impairs Autophagosome–Lysosome Fusion and Degradation 

	Discussion 
	Conclusions 
	References

