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ARTICLE INFO ABSTRACT

Keywords: Age-related dysfunction of the central auditory system, known as central presbycusis, is characterized by defects
Aging in speech perception and sound localization. It is important to determine the pathogenesis of central presbycusis
Hydrogen sulfide in order to explore a feasible and effective intervention method. Recent work has provided fascinating insight

II;[C.)S hondri into the beneficial function of H,S on oxidative stress and stress-related disease. In this study, we investigated the
PIIBtIijA(I)?F ria pathogenesis of central presbycusis and tried to explore the mechanism of H,S action on different aspects of
CaMKKp/AMPK aging by utilizing a mimetic aging rat and senescent cellular model. Our results indicate that NaHS decreased

oxidative stress and apoptosis levels in an aging model via CaMKK( and PI3K/AKT signaling pathways.
Moreover, we found that NaHS restored the decreased activity of antioxidants such as GSH, SOD and CAT in the
aging model in vivo and in vitro by regulating CaMKK( and PI3K/AKT. Mitochondria function was preserved by
NaHS, as indicated by the following: DNA POLG and OGG-1, the base excision repair enzymes in mitochondrial,
were upregulated; OXPHOS activity was downregulated; mitochondrial membrane potential was restored; ATP
production was increased; and mtDNA damage, indicated by the common deletion (CD), declined. These effects
were also achieved by activating CaMKKB/AMPK and PI3K/AKT signaling pathways. Lastly, protein home-
ostasis, indicated by HSP90 alpha, was strengthened by NaHS via CaMKK( and PI3K/AKT. Our findings
demonstrate that the ability to resist oxidative stress and mitochondria function are both decreased as aging
developed; however, NaHS, a novel free radical scavenger and mitochondrial protective agent, precludes the
process of oxidative damage by activating CaMKKf and PI3K/AKT. This study might provide a therapeutic target
for aging and age-related disease.

1. Introduction the occurrence of oxidative stress and results in oxidative damage [2].

Mitochondria not only play an important role in initiating aging though

In addition to genetic factors, oxidative stress is a major contributor
to age-related disorders such as cognitive decline, senile dementia and
presbycusis (also called age-related hearing loss). Accumulation of
damage caused by oxidative stress is recognized as accountable for
the development of aging and is tightly related with mitochondria
dysfunction [1]. Reactive oxygen species (ROS) is an inevitable
byproduct during the process of oxidative phosphorylation in aerobic
metabolism and originates in the electron transport chain of mitochon-
dria. An imbalance between the generation and ablation of ROS causes

the production of ROS but also become a susceptible target of oxidative
stress. For example, unlike nuclear DNA, mitochondrial DNA (mtDNA)
is not coated with histone proteins; therefore, they are sensitive to
oxidative stress and any deletions and/or mutations accumulate during
the aging process [3], including the 4834-base-pair (bp) deletion in rats
and 4977-bp deletion in humans, which are known as the common
deletion (CD) and act as an accurate biomarker [4-6] of aging. The
mtDNA is essential for mitochondrial function, even though it encodes
only 13 mitochondrial proteins [7]. Thus, as aging proceeds and
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mtDNA deletions and/or mutations increase, mitochondrial function
decreases [8] and oxidative stress is hastened due to the increased
production of ROS. As a result, a “vicious cycle” forms, and the aging
process accelerates. Furthermore, the function of antioxidants also
declines during aging. The antioxidant system includes a number of
antioxidant enzymes such as catalase (CAT) and superoxide dismutase
(SOD), nonenzymatic antioxidants such as glutathione (GSH) and
dietary antioxidants. As reported previously, aged rats suffered from
decreased antioxidant capacity, as compared with young rats [9]. As
antioxidants play a crucial role against ROS, an impaired antioxidant
system aggravates the process of aging and may become another
“vicious cycle”. In addition to oxidation, surveillance of the proteome
and the ability to maintain protein homeostasis also declines during
aging [10], facilitating the emergence of age-related degenerative
diseases caused by protein aggregation such as Alzheimer's disease
and Parkinson's disease. Therefore, abnormal protein structures caused
by dysfunctional protein homeostasis may also promote the process of
aging. As stated above, aging is complex, with interactions among
several pathophysiological processes. Though many studies focused on
the pathogenesis of aging and oxidative stress, effective intervention
measures are still being explored. Some studies demonstrated that
drugs utilizing antioxidation showed attenuation to some extent. In
clinics, vitamin E supplementation and anti-neuroinflammatory drugs
are two major therapeutic approaches that are used to treat neurode-
generative diseases [11]. Exogenous antioxidants, such as rutin and
sulfur compounds, are commonly utilized approaches in experimental
studies to intervene in aging by activating survival pathways such as
phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) and inhi-
biting the occurrence of apoptosis [12,13]. However, to our knowledge,
little literature is available concerning whether and how these anti-
oxidants regulated the upstream factors of apoptosis, such as protein
homeostasis, mtDNA repair enzymes and the endogenous antioxidants.

Hydrogen sulfide (H,S) is one of the three important gastrotrans-
mitters (HyS, NO, CO), it has a double-side effect [14]: when in a very
high level, it is poisonous while in a low level, it plays a beneficial
effects. H,S is an endogenously synthesized and regulates a wide range
of pathophysiological processes involving autophagy, cell metabolism,
inflammation, cell cycle and oxidative stress [15]. According to some
studies, reduced H,S is closely related to the development of aging. It
was found that the plasma H,S level declined in an age-dependent
manner in human subjects who were 50-80 years old [16]; further-
more, H,S was reported to ameliorate insulin resistance and improve
glucose uptake in type 2 diabetic models [17], which suggested a
positive effect of H,S on inhibiting the pathogenesis of aging and age-
related diseases. In addition, some studies reported that exogenous H,S
contributed to the defense against oxidative damage [18,19] and
inhibition of apoptosis and the autophagy pathway [20], which are
also related to regulating the aging process [21]. The PI3K/AKT
pathway is commonly recognized as a key signaling pathway control-
ling autophagy [22] and metabolism [23], as well as oxidative stress.
Thus, the PISK/AKT signaling pathway could be a therapeutic target
under some oxidative stress conditions, such as the process of aging.
AMP-activated protein kinase (AMPK)-regulated pathways that direct
various metabolic processes have also been explored by many research-
ers in recent years. As reported, AMPK plays a role in growth arrest and
autophagy as a potential survival pathway for cancer cells, while
inhibition of AMPK led to the death of cancer cells by autophagy
[24]. Furthermore, AMPK also regulates longevity in a number of
species, which is attributed to the crucial role of AMPK in metabolic
remodeling through many different pathways [25]. Therefore, the
AMPK pathway should be another potential therapeutic target for
aging and age-related diseases. Despite the reports that H,S plays a
beneficial role in the prevention of oxidative damage and apoptosis
[17,20], whether and how H,S counteracts aging and aging-related
accelerators such as mtDNA mutations and repair, mitochondrial
dysfunction, disturbed protein homeostasis and imbalanced ROS pro-
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duction is rarely reported. Likewise, whether PI3K/AKT and AMPK
signaling pathways are involved in the prevention of the aging process
is unclear.

Presbycusis is a disease of age-related degeneration of the auditory
system. At present, it is generally accepted that there are at least two
components of presbycusis, as follows: a peripheral component invol-
ving cochlear degeneration and a central component involving degen-
eration of the auditory cortex in the central nervous system [26]. p-
galactose (p-gal) is widely used in experimental studies to establish
mimetic aging model [5,27,28]. After treated with p-gal, pathology of
central presbycusis demonstrated increased neural apoptosis and neural
damage as well as a decreased number of neurons in the auditory cortex
and exhibited degraded cognitive function, which is similar with the
natural aging process [27,29,30]. Additionally, our previous study also
replicate the central presbycusis with p-gal and causes accumulation of
the CD that was also observed in the natural aging animals [29,31]. In
our study, we explored the in vitro and in vivo mechanism for whether
and how H,S acts on contributors of aging in the auditory cortex using a
mimetic aging model induced by p-gal. Briefly, we studied how H,S
improves the antioxidant capacity, such as through the activity of SOD,
GSH and CAT and the expression level of molecular chaperons. We also
examined how H,S protects mitochondria function, such as via the
effects on mitochondrial membrane potential (AWm), the occurrence of
the CD of mtDNA and the repair capability of mtDNA. Furthermore, we
also tried to explore the relationship between the molecular changes
mentioned above and the signaling pathways of PI3K/AKT as well as
AMPK and its upstream kinase, calcium/calmodulin-dependent protein
kinase kinase 2 (CaMKK2, also named CaMKKJ). The present study may
provide new insight for the application of H,S in the medical interven-
tion of the aging process and provide a theoretical reference for health
promotion.

2. Materials and methods
2.1. Animals

Male 3-week-old Sprague-Dawley (SD) rats, with an initial weight of
80-100 g, were purchased from the experimental animal center of
Tongji Medical College, Huazhong University of Science and
Technology (HUST). The animals were acclimated in conditions of
50% humidity and 25 °C room temperature, with a quiet environment
and 12 h/12 h light/dark cycle. Standard rodent chow and water were
adequately provided. Each animal was marked with trinitrophenol,
followed by random separation into two groups. (1) The first group was
subcutaneously injected with p-gal (dissolved in normal saline, 500 mg/
kg/day for 8 weeks; Sigma Aldrich Corp., St Louis, MO, USA) for the
mimetic aging model. After the schedule was finished (3 months of
age), the 3-month-old mimetic aging rats were treated as follows: one
subgroup was injected intraperitoneally with NaHS (dissolved in
normal saline, 1.4 mg/kg/day) for 10 days before sacrifice (3-month-
old mimetic aging+ NaHS group); another subgroup was injected
with normal saline intraperitoneally for 10 days as a comparison (3-
month-old mimetic aging group); a third subgroup was kept on
normal chow for six months and then divided into 2 subgroups, with
one subgroup injected with NaHS (1.4 mg/kg/day) for 10 days
intraperitoneally before sacrifice (9-month-old mimetic aging+
NaHS group) and the other subgroup injected with normal saline
intraperitoneally for 10 days as a comparison (9-month-old mimetic
aging group). (2) To control for p-gal, the second group was injected
with normal saline subcutaneously on the same schedule, followed by
separation into 2 subgroups, with one subgroup injected with normal
saline intraperitoneally for 10 days as a control (3-month-old control
group) and the other subgroup kept on normal feeding for 6 months
and then injected with normal saline intraperitoneally for 10 days as a
counterpart (9-month-old control group). Treatment of each sub-
group of the rats is also described in Supplementary information Fig.
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Sla. All the experimental procedures were in accordance with the
National Institutes of Health “Guide for the Care and Use of Laboratory
Animals” (NIH Publications No. 80-23, revised 1996) and approved by
the Committee on Animal Research of Tongji Medical College, HUST.

2.2. Primary culture of auditory cortex neurons

The culture procedure of auditory cortex neurons was published
previously [32], with a few modifications. Briefly, brains were dissected
from neonatal rats (< 48 h) in cold D-Hanks solution, and the auditory
cortex was dissociated from the brains in Dulbecco's modified Eagle's
medium (DMEM; Hyclone, Logan, UT, USA). Cells were obtained by
digestion in 1.25% trypsin at 37 °C for 10 min followed by mild
mechanical dissociation in DMEM. Cultures were grown on polyly-
sine-coated coverslips or plates in DMEM supplemented with 10% (v/v)
fetal bovine serum (FBS, Gibco, Grand Island, NY, USA). Six hours later
and after the cells were attached, the medium was then changed to
serum-free 10% B-27-supplemented neurobasal medium (Gibco, Grand
Island, NY, USA). About 30-50% of the medium was changed every 3
days. After 7 days, the neurons were treated with p-gal, which was
dissolved in serum-free 10% B-27- supplemented neurobasal medium,
for another 7 days, with 30-50% of the medium also changed every 3
days during this period. Chemical inhibitors were incubated with the p-
gal pretreated neurons for 40 mins, and the neurons were incubated
with NaHS for another 24 h. All the neurons were cultured at 37 °C in a
5% CO, incubator. Treatment of each subgroup of the neurons is also
described in Supplementary information Fig. S1b.

2.3. Cell viability and cell senescent tests

Cells were cultured on a 48-well plate and treated with increasing
concentrations of p-gal for 7 days. Cell viability was then measured by
the cell counting kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer's instructions. Cell senescent
was evaluated by a Senescence B-Galactosidase Staining Kit (C0602,
Beyotime, Haimen, China) according to the manufacturer's instructions.

2.4. Immunohistochemistry (IHC) analysis

Rats used for immunohistochemistry analysis were transcardially
perfused with about 400 ml of saline followed by 4% paraformaldehyde
solution (pH=7.2-7.4). The brains were removed and postfixed in 4%
paraformaldehyde overnight at 4 °C. The selection and orientation of
the auditory cortex and the following procedures were previously
published [33]. Primary antibodies against cleaved-caspase-3 (1:500,
servicebio, Wuhan, Hubei, China) and glial fibrillary acidic protein
(GFAP; 1:1000, Proteintech, Wuhan, Hubei, China) were used for the
IHC analysis. After being mounted with neutral balsam, the sections
were observed by standard microscopy (DM2500, Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany).

2.5. Measurement of oxidants and antioxidant enzyme activities

The levels of total-SOD (A001-1, Nanjing, Jiangsu, China) and GSH
(A006-1, Nanjing, Jiangsu, China) were measured in the plasma of the
rats and in the cultured neurons. The level of CAT (A007-1, Nanjing,
Jiangsu, China) was also determined in the cultured neurons. The level
of the oxidants or the activities of these antioxidant enzymes were
detected by specific colorimetric kits according to the manufacturer's
instructions. Briefly, for the measurement of SOD activity and CAT
activity, the OD readings of test samples were transformed into
inhibited levels, based on the standard curves and calculated activities
of SOD and CAT. For the measurement of GSH, the content of GSH of
tested samples was determined based on the standard concentration of
GSH.
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2.6. DNA extraction and cDNA generation

Total DNA was extracted from 20 mg of tissue or 10"7 cultured
neurons utilizing a Genomic DNA Purification kit (Tiangen Biotech Co.,
LTD, Beijing, China) according to the manufacturer's instructions. Total
RNA was extracted from about 50 mg of tissue or 10”7 cultured neurons
with an RNA extraction kit (Solar Bio, Beijing, China) according to the
instructions. The purification and concentration of DNA and RNA were
measured by a GeneQuant pro RNA/DNA Calculator (Biochrom,
Cambridge, UK). The extracted RNA was stored at —80 °C until it
was transcribed to cDNA with a PrimeScript RT reagent kit (TaKaRa,
Dalian, China), and the purification and concentration were measured.
The DNA and cDNA samples were aliquoted and stored at — 20 °C until
further use.

2.7. Quantification of mtDNA 4834-bp deletion

The level of mtDNA 4834-bp deletion was determined by TagMan
real-time polymerase chain reaction (PCR) assay. The copy number of
the D-loop in mtDNA was used as a measurement of the total number of
mtDNA copies in a given sample. Primers and probes for the D-loop and
the 4834-bp deletion from the rat mitochondrial genome was described
by Nicklas and colleagues previously [4]. PCR amplification was
performed by using the Roche LightCycler 480 (LC480) real-time PCR
system (Roche Diagnostics Ltd, Rotkreuz, Switzerland) in a 20-ul
reaction mixture composed of 10 ul of a 2x TagMan PCR mix (TaKaRa,
Dalian, China), 0.2 pul of each probe (10 mM), 0.4 ul of each reverse and
forward primer (10 mM), 5 pl of distilled water and 4 pl of the sample
DNA, with each reaction mixture containing 40-50 ng DNA. The
amplification conditions and the calculation method were described
in our previous work [34].

2.8. Nissl staining analysis

The Nissl staining analysis was performed according to our pub-
lished paper with few modifications [33]. Briefly, serial transverse
sections made from paraffin-embedded brains were dewaxed with
xylene, followed by rehydration in graded alcohol and immersion in
0.3% toluidine blue for 40 min at 60 °C. The number of neurons in the V
layer of the auditory cortex was counted in accordance with our
previous criterion [33].

2.9. Western blot analysis

2.9.1. Protein extraction

Tissues from the auditory cortex were lysed immediately with a
radioimmunoprecipitation assay (RIPA) Lysis Solution (Beyotime,
Haimen, China), which contains a cocktail of phosphatase inhibitors
as well as phenylmethylsulfonyl fluoride (PMSF), at a ratio of 200 pl of
lysis buffer per 20 mg tissue. Cultured neurons grown on a 12-well plate
were washed with cold phosphate-buffered saline (PBS) and then lysed
with the same RIPA Lysis Solution as above, with 100 pl of lysis buffer
used per well. The following procedures were performed according to
the manufacturer's instructions. After the protein concentration was
determined with an enhanced Bicinchoninic Acid (BCA) Protein Assay
Kit (Beyotime, Haimen, China), 5x sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) loading buffer (Beyotime,
Haimen, China) was added to the remaining lysate, followed by heating
at 95 °C for 10 min.

2.9.2. SDS-PAGE analysis

Equal amounts of protein were loaded onto 10% SDS-polyacryla-
mide gels for electrophoresis. The following processes were performed
as previously described in our laboratory [33]. Detailed information for
the primary antibodies used are listed in the following table:
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Peptide/Protein Name of Antibody Manufacturer; Catalog No. Host Species, Monoclonal or Dilution
Target Polyclonal
Actin Anti-beta-actin monoclonal Lianke; Mouse monoclonal 1:3000
antibody Mab1445
GRP78 GRP78 antibody GeneTex Rabbit polyclonal 1:2000
GTX102580
HSP90 alpha HSP90 alpha antibody GeneTex Rabbit polyclonal 1:2000
GTX109753
Peroxiredoxin 2 Peroxiredoxin 2 polyclonal Proteintech Rabbit 1:1000
antibody 10545-2-AP Polyclonal
TXNRD1 TXNRD1 Polyclonal antibody Proteintech Rabbit polyclonal 1:1000
11117-1-AP
DNA polymerase y DNA polymerase y antibody Bioss Rabbit 1:500
Bs-13017R Polyclonal
0GG-1 Anti-OGG1 Abcam Rabbit 1:500
ab1776
Lamin B1 Lamin B1 polyclonal antibody  Proteintech Rabbit 1:2000
12987-1-AP
Lamin A/C Anti-lamin A/C rabbit Wanleibio WL0457b Rabbit 1:3000
antibody
Phospho-PI3 kinase p85 (Tyr-458)/p55 (Tyr-  Phospho-PI3 kinase p85 Cell Signaling Technology; Rabbit polyclonal 1:1000
199) antibody (Tyr458)/p55 (Tyr199) 4228
PI3K P85;PI3R1 monoclonal Proteintech; Mouse monoclonal 1:1000
antibody 60225-1-Ig
AKT (phospho Ser-473) AKT1 phospho (pS473) Rabbit  Epitomics; Rabbit monoclonal 1:1000
monoclonal antibody 2118-1
AKT AKT 1+ 2+ 3 antibody GeneTex; GTX121937 Rabbit polyclonal 1:4000
phospho-AMPK (Thr-172) p-AMPKa1/2 Antibody Santa Cruz Biotechnology; Rabbit polyclonal 1:600
sc-33524
AMPKal/a2 AMPKal/AMPKa2 (ab-174/ Signalway Antibody; 21191 Rabbit polyclonal 1:1000
ab-172) antibody
VDAC1 VDAC] antibody GeneTex; GTX114187 Rabbit polyclonal 1:3000
OXPHOS Anti-Rt/Ms Total Oxphos Life Technologies Mouse monoclonal 1:1000

Complex Kit

45-8099

2.10. Flow cytometry

2.10.1. Detection of apoptosis by Annexin V/propidium iodide (PI)
Annexin V-FITC/PI double labeling apoptosis kit (KeyGEN
BioTECH, Nanjing, Jiangsu, China) was utilized to evaluate apoptosis
in cultured neurons. Briefly, after each treatment, cells were rinsed
twice with cold PBS and incubated with EDTA-free 0.25% trypsin at
37 °C until 80% of the cells were detached. Cell suspensions were
collected and centrifuged at 1000 rpm for 5 min. The supernatant was
discarded, and cold PBS was used to wash the pellets two times. The
cells (1x10% were resuspended in 500 ul of 1x binding buffer
containing 5 ul of annexin V-FITC and 5 pl PI, incubated for 15 min
at room temperature in the dark and then analyzed by flow cytometry
(FACSCalibur, BD Biosciences, Carlsbad, CA, USA). About 10 ul the
remaining labeled cell suspension was dropped on a coverslip and
monitored under a fluorescence microscope for nuclear changes.

2.10.2. Determination of A¥m

Determination of AWm was performed using flow cytometry.
Changes in AWm were detected using Mitochondrial Membrane
Potential Assay Kit with JC-1 (C2006, Beyotime, Haimen, China)
according to the manufacturer's instructions.

2.11. Analysis of ATP production

An ATP Assay Kit (50026, Beyotime, Haimen, China) was used to
determine the content of ATP in cultured neurons according to the
manufacturer's instructions. The chemiluminescence signal was read
with a multi-mode microplate reader (BioTek Instruments, Winooski,
VT, USA).

2.12. Analysis of ROS production

The intracellular ROS level was detected using 2’, 7’-dichlorofluor-
escein diacetate (DCFH-DA; S0033, Beyotime, Haimen, China), an
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oxidation-sensitive fluorescent probe. Cells were seeded into 24-well
plates (5 x 10° cells/well). After treatments for the indicated amount of
time, the cells were then incubated with DCFH-DA (10 uM) for 30 mins
at 37 °C, followed by 3 washes of the cells with serum-free DMEM and
measurement with a multi-mode microplate reader (A.x=488 nm,
Aem =525 nm).

2.13. Statistical analysis

All data are expressed as mean = SD. Analyses were performed
using the Statistical Package for the Social Sciences (SPSS) 11.5 (SPSS
Inc., Chicago, IL, USA). Hypothesis testing was performed using one-
way analysis of variance (ANOVA) except when otherwise stated. The
least significant difference post hoc test was used to compare differ-
ences among subgroups. Differences with P < 0.05 were considered to
be statistically significant. All experiments were repeated at least three
times, and all statistical tests were two sided.

3. Results

3.1. Exogenous H,S attenuates oxidative stress in mimetic aging model via
CaMKKB/AMPK and PI3K/AKT signaling pathways

p-gal is widely used as an inducer of mimetic aging due to its
metabolic toxicity and oxidative damage [35]. In this study, we
established a mimetic aging model in vivo and in vitro using p-gal
treatment. We also studied the effect of NaHS, the commonly used H,S
donor, on the development of aging at different times after p-gal
injection (mimetic aging rats at 3 months and 9 months of age).

3.1.1. NaHS activates AMPK and PI3K/AKT signaling pathways in vivo
and in vitro

CaMKKSp plays an important role in calcium signal transduction in
neurons and mediates multiple functions by activating AMPK, such as
cell cycle regulation [36] and energy balance control [37]. As
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Fig. 1. Western blot analysis of the effects of NaHS on the PI3K/AKT and CaMKKB/AMPK signaling pathways in mimetic aging. NaHS affects AMPK, PI3K and AKT
phosphorylation levels in mimetic aging rats of 3 months (a-c) and 9 months (d-i) of age as well as cultured neurons; STO-609, LY-294002 and compound C inhibited the phosphorylation

of AMPK, PI3K and AKT in vitro (g-i). * p < 0.05, **

summarized by Morales et al., reactive oxygen and nitrogen species
activate AMPK by CaMKKP [38]. PI3K/AKT play a key role in
regulating apoptosis and the cell cycle [39]. To explore changes in
the activity of CaMKK(/AMPK and PI3K/AKT pathways in p-gal-
induced mimetic aging and identify whether these pathways mediate
the function of H,S on aging, we evaluated the phosphorylation levels
of AMPK, PI3K and AKT by western blot. Activation of CaMKKp is
regulated by its autoinhibitory domain but not by direct phosphoryla-
tion of residues [40]; therefore, we did not detect the phosphorylation
level of CaMKKf by western blot. Our data demonstrated that in the 3-
month-old rats (Fig. 1a, b, ¢), the phosphorylation level of AMPK was
significantly increased in the mimetic aging rats, and AMPK phosphor-
ylation was upregulated further in the NaHS-treated group, as com-
pared with the mimetic aging group (Fig. 1a). There was a significant
change in the PI3K phosphorylation level in the mimetic aging group
compared with the control group; meanwhile, NaHS enhanced the
phosphorylation level of PI3K when compared with the mimetic aging
group (Fig. 1b). Phosphorylation of AKT was increased in the mimetic
aging group and increased further in the NaHS-treated group, as

p < 0.01, *** p < 0.001. The data are presented as mean = SD. N=6 for each subgroup.

compared with the control group and the p-gal-treated group, respec-
tively (Fig. 1¢). Unlike the 3-month-old rats, phosphorylation of AMPK,
PI3K and AKT in the 9-month-old p-gal-treated rats was not signifi-
cantly different from the control group (Fig. 1d, e, f). Nevertheless,
NaHS treatment markedly increased the phosphorylation levels of
AMPK, PI3K and AKT (Fig. 1d, e, f). In the cultured neurons (Fig. 1g,
h, i), phosphorylation levels of AMPK, PI3K and AKT were increased to
differing degrees, and NaHS treatment dramatically enhanced their
phosphorylation. To examine the effects of compound C and LY-294002
on the inhibition of AMPK phosphorylation and PI3K phosphorylation,
respectively, two groups of p-gal-induced senescent neurons were
treated with the inhibitors followed by treatment with NaHS. The
results showed that the phosphorylation of AMPK, PI3K and AKT
decreased (Fig. 1g, h, i). Next, we treated the senescent cells with
STO-609, an inhibitor of CaMKKf. The phosphorylation level of AMPK
was decreased drastically (Fig. 1g), which suggests that AMPK activa-
tion is at least partially dependent on CaMKKf activation.
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3.1.2. NaHS decreases the oxidative stress level in mimetic aging rats

GRP78 is used to evaluate stress levels due to its key role in sensing
endoplasmic reticulum stress and initiation of ER stress [41]. Lamin
A/C and lamin B1 are key constituents of the lamina, which lines the
inner nuclear membrane and determines its shape and integrity [42]. As
reported by Barascu and coworker, oxidative stress increases the
expression of lamin B1, and it acts as a general molecular mediator
that controls oxidative stress-induced senescence [43]. In addition,
astrocytes are activated in response to various pathophysiological
processes in the central nervous system [44]. To evaluate the effect of
NaHS on mimetic aging, we determined the expression level of GRP78,
lamin B1 and lamin A/C by western blot and glial fibrillary acidic
protein (GFAP) by IHC in the auditory cortex.

In our study, we found that GRP78, lamin B1 and lamin A/C were
upregulated in the p-gal-treated rats at 3 months of age (Fig. 2a), and
NaHS decreased their expression significantly (Fig. 2a). We also
measured the expression levels of GRP78, lamin B1 and lamin A/C in
the 9-month-old rats. The data showed that GRP78 expression is
increased in the mimetic aging group but decreased in the NaHS-
treated group; however, these changes were small and not statistically
significant (Fig. 2b). To our surprise, the expression of lamin Bl and
lamin A/C was decreased in the p-gal-induced mimetic aging rats
(Fig. 2b), which differed from the 3-month-old mimetic aging rats.
Furthermore, NaHS increased the expression level of lamin B1 and
lamin A/C in the 9-month-old mimetic aging rats (Fig. 2b). Our results
also showed that GFAP expression is increased in the mimetic aging
rats, while NaHS reversed this increase (Fig. 2c).

3.1.3. NaHS decreased the oxidative stress level in cultured neurons
mediated by CaMKKB/AMPK and PI3K/AKT pathways

To investigate how NaHS affects the development of aging by
regulation of the CaMKKf/AMPK and PI3K/AKT pathways, we used in
vitro mimetic senescent neurons, which were induced by p-gal for
further experiments.

The cultured neurons were treated with increasing concentrations of
p-gal (0-16 mg/ml) for 7 days and then cell viability was evaluated by
CCK-8 kit and by [p-galactosidase staining. The cellular activity of
neurons treated with p-gal changed with the different concentrations,
exhibiting a decreasing pattern that was statistically significant at
10 mg/ml (Fig. 3a). We also observed the cultured neurons under a
standard optical microscope to identify the growth state and found
good growth at the 7th day after seeding and day 14 (the 7th day after
p-gal treatment) (Fig. 3b). The neurons were also evaluated by (-
galactosidase staining, which showed that the number of positively
stained cells increased with the increasing concentration of p-gal
(Fig. 3c). The number of positive cells increased significantly at the 4-
mg/ml concentration and showed a tendency to increase as the
concentration of p-gal increased above 4 mg/ml. According to these
results, we successfully established a senescent cell model, and we
utilized 8 mg/ml of p-gal to induce the senescence of neurons for the
subsequent experiments.

Expression levels of GRP78, lamin A/C and lamin Bl were
determined by western blot to evaluate the level of oxidative stress in
cultured neurons. Our data demonstrated that the expression levels of
GRP78, lamin A/C and lamin B1 were increased in the p-gal-induced
senescent group (Fig. 3e, f, g). Meanwhile, the expression levels of
GRP78, lamin A/C and lamin B1 were decreased in the NaHS-treated
senescent group. Conversely, in the groups pretreated with LY294002,
compound C and STO-609, NaHS did not decrease the expression of
GRP78, lamin A/C and lamin Bl (Fig. 3e, f, g), which suggested a
higher level of oxidative stress in these three groups. To confirm the
oxidative stress level in each group, we acutely measured the level of
ROS. As our data suggests, ROS production was increased by p-gal and
decreased by NaHS treatment; furthermore, inhibition of PI3K, AMPK
and CaMKKf phosphorylation increased ROS production (Fig. 3h). This
observation is in agreement with the expression of the oxidative stress
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markers.
3.2. NaHS decreased apoptosis through CaMKKB/AMPK and PI3K/AKT

We studied the effect of NaHS on apoptosis and pathways involved
in mediating the regulation of apoptosis. We analyzed apoptosis by
detecting caspase-3, counting the number of neurons stained by
toluidine blue in the auditory cortex and annexin V/PI staining in vitro.
In the 3-month-old rats, the p-gal-induced mimetic aging rats showed
more apoptotic cells and reduced numbers of neurons compared with
the control group. NaHS administration decreased apoptosis (Fig. 4a)
and slightly reversed the reduction of neurons (not statistically
significant; Fig. 4e). A similar change was observed in the 9-month-
old rats except that NaHS did not attenuate the reduction of neurons
(Fig. 4b, e). We also detected apoptosis in vitro by staining with annexin
V/PI (Fig. 4c), and we summed the percentage of cells in the upper left
(UL), upper right (UR) and lower right (LR) panels as the total
percentage of apoptotic cells. These results demonstrated that p-gal
treatment increased the apoptosis of neurons and that NaHS attenuated
this apoptosis. However, the anti-apoptotic activity of NaHS was
decreased in the groups where the phosphorylation of PI3K, AMPK
and CaMKKP were inhibited. To observe nuclear changes, we also
observed neurons after staining with annexin V/PI A similar change in
apoptosis was observed under a fluorescence microscope though the
nucleus was not noticeably changed (Fig. 4d). In conclusion, exogenous
H,S alleviated apoptosis in vivo and in vitro through the CaMKK3/AMPK
and PI3K/AKT pathways.

3.3. NaHS increased activity of antioxidant through CaMKKB/AMPK and
PI3K/AKT

A previous study has demonstrated that under normal conditions,
ROS produced by the mitochondria are easily metabolized or scavenged
by endogenous antioxidant mechanisms [45], such as GSH, CAT and
SOD, so that the organism or cells maintain homeostasis. However, the
aging process affects this homeostasis. We examined the activity and
expression of antioxidants in aging models and investigated the effect of
NaHS on antioxidants. The activity of GSH and SOD was detected in the
rats’ serum as a reflection of overall activity. In cultured neurons, the
intracellular activity of GSH and SOD was measured. The results
suggest that GSH and SOD were decreased in the aging model and
increased upon treatment with NaHS (Fig. 5a, b). In the in vitro study,
inhibition of PI3K, AMPK and CaMKKJ blocked the effects mediated by
NaHS (Fig. 5a, b). We also detected the activity of CAT, a marker of
peroxisomes, in cultured neurons. CAT activity was decreased drama-
tically in senescent cells and was upregulated by NaHS; however, this
upregulation was eliminated significantly by inhibitors of PI3K, AMPK
and CaMKKp. Peroxiredoxin 2 (PRDX2) is a member of the peroxir-
edoxin family of antioxidant enzymes and is expressed in the neurons of
the central nervous system [46]. Thioredoxin reductase 1 (TXNRD1)
belongs to the thioredoxin system, which is crucial for cellular function,
cell proliferation and antioxidant defense [47], and is expressed in the
cytoplasm of neurons in rats’ central nervous system [46]. As deter-
mined by western blot in our study, PRDX2 and TXNRD1 were
decreased in the p-gal-induced aging model in vivo and in vitro
(Fig. 5d, e). These changes were reversed by NaHS, while PI3K, AMPK
and CaMKKf inhibitors suppressed these effects (Fig. 5d, e). These
observations demonstrated that NaHS enhanced the antioxidant activ-
ity via CaMKKf3/AMPK and PI3K/AKT pathways.

3.4. NaHS protects mitochondria through CaMKKB/AMPK and PI3K/AKT
pathways

It was reported that H,S produces beneficial effects on mitochon-
drial function [48]; nevertheless, the related signaling pathways still
remain unclear. In our study, we evaluated the function of mitochon-
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Fig. 3. Determination of senescence and oxidative stress levels in cultured neurons. Optimal concentration of p-gal was selected by CCK-8 test (a), N=9 for each subgroup. Primary
cultured neurons were observed after being seeded on a plate for 7 days and after p-gal treatment for 7 days (b). Senescence was evaluated by the Senescence B-Galactosidase Staining Kit
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CaMKKSp (e-g), N=6 for each subgroup. Generation of ROS in the cultured neurons was determined (h), N=6 for each subgroup. Scale bar =25 um, p < 0.05, ** p < 0.01, *** p < 0.001.

The data are displayed as mean *+ SD.

dria by determining the expression of oxidative phosphorylation
(OXPHOS) complexes, key constituents of the mitochondrial respiratory
chain, detecting mitochondrial membrane potential and ATP produc-
tion and exploring the relationship between the effect of H,S on
mitochondria and the CaMKKB/AMPK and PI3K/AKT pathways. As
suggested by our results, complex I and complex II expression was
increased in the p-gal-induced mimetic aging rats at 3 months of age,
while NaHS decreased the expression of complex I and complex II. The
expression of complex V and complex III was stable across all groups of
3-month-old rats (Fig. 6a and Supplementary information Fig. S2).

994

However, differing data were observed for the 9-month-old rats. The
mimetic aging rats showed decreased expression of OXPHOS com-
plexes, particularly complex I and complex II though they did not reach
statistical significance. NaHS treatment mildly decreased the OXPHOS
expression, which also was not statistically significant (Fig. 6b and
Supplementary information Fig. S2). In the cultured neurons, the
expression of OXPHOS complexes was increased after p-gal treatment,
except for complex V. In agreement with the in vivo study, NaHS
decreased the expression levels of complexes I-V to differing degrees
(Fig. 6¢ and Supplementary information Fig. S2). To investigate
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Fig. 4. Analysis of apoptosis in vivo and in vitro. Caspase-3 was evaluated by IHC in auditory cortex (a, b); the number of caspase-3 positive cells was counted and displayed in the right
statistical graph. Apoptosis in cultured neurons was determined by flow cytometry (c). LL (lower left) shows the neurons stained annexin V (-) and PI (-), indicating viable cells. Nonviable
cells include the following: UL (upper left) shows the neurons stained annexin V (-) and PI (+), which are necrotic cells; UR (upper right) shows annexin V (+) and PI (+) staining that
are the late apoptotic cells; and LR (low right) shows annexin V (+) and PI (-) staining, which are the early apoptotic cells. Percentages of UL, UR and LR panels were summed as the total
percentage of apoptotic cells. Cells digested from plates were observed by fluorescence microscopy after staining with annexin V/PI (d). Sections from auditory cortex of rats were stained
with toluidine blue and used to count surviving neurons. A1-C1 and D1-F1 were magnified from A-C and D-F, respectively, with the corresponding statistical chart displayed on the right
(e). * p < 0.05, ** p < 0.01, *** p < 0.001. The data are displayed as mean + SD. N=6 for each subgroup.

whether the signaling pathways of CaMKK3/AMPK and PI3K/AKT were changed by oxidative stress and during aging, and NaHS decreased the

involved in the regulation of OXPHOS by NaHS, we inhibited PI3K, expression of OXPHOS. To determine whether mitochondrial function
AMPK and CaMKKJ prior to the NaHS treatment in the senescent cells. was changed, we examined the AWm by flow cytometry to detect early
The results demonstrated that the expression levels of complexes I-1V, apoptotic mitochondria that harbor decreased AWm. The data showed
particularly complex I and complex II, were increased compared with that the number of abnormal mitochondria was increased in the p-gal
the non-inhibited group (Fig. 6¢c and Supplementary information Fig. treatment group. NaHS treatment decreased the number of abnormal

S2). The above observations suggested that the OXPHOS expression was mitochondria, but this effect was prevented by inhibiting PI3K, AMPK
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and CaMKKSp (Fig. 6d). In addition, the mitochondrion produces ATP,
and ATP production is a direct indicator of mitochondria function. Our
data showed that NaHS protected mitochondria from p-gal-induced
decreases in ATP levels. Additionally, the protection was blocked by
inhibition of PI3K, AMPK and CaMKKp (Fig. 6e). These data suggest
that the protection of mitochondria occurs via the CaMKKB/AMPK and
PI3K/AKT pathways.

3.5. NaHS increased the expression of mtDNA repair enzymes by CaMKKp/
AMPK and PI3K/AKT

As is well known, oxidative stress results in both nuclear DNA
damage and mtDNA damage when the equilibrium between the
antioxidant systems and ROS production is perturbed. Under these
conditions, mtDNA molecules are likely to be more susceptible to
oxidized DNA damage [49]. Abnormalities in the fidelity and efficiency
of mitochondrial DNA repair are likely related to DNA damage
accumulation and aging. Base excision repair (BER) is the primary
repair pathway in the mitochondria [50]. DNA polymerase gamma
(DNA POLG) and 8-0xoG DNA glycosylase 1 (OGG-1) are the major
repair enzymes in mitochondria [51,52]. In this study, we determined
the expression level of DNA POLG and OGG-1 by western blot. The

Redox Biology 12 (2017) 987-1003

results demonstrated that DNA POLG was increased slightly in 3-month-
old mimetic aging rats (Fig. 7a), while the expression of DNA POLG was
decreased in 9-month-old rats compared with the control group
(Fig. 7b). In the cultured neurons, DNA POLG was increased in the b-
gal-induced senescent cells. NaHS increased the expression of DNA
POLG in the 3- and 9-month-old rats and the cultured neurons (Fig. 7a,
b, c). Nevertheless, the expression of DNA POLG was not increased in
the groups inhibited by LY-294002, compound C and STO-609 (Fig. 7c).
Similar to DNA POLG, the expression of OGG-1 was not significantly
changed in the 3-month-old rats and was decreased in the 9-month-old
rats, with the upregulation of OGG-1 blocked by the inhibitors (Fig. 7d,
e, f). These results indicate that the capability of BER was changed in
each group to differing degrees. Thus, we then detected the mtDNA
common deletion (CD), a hallmark of aging and usually a result of
oxidative damage [53,54], by TagMan real-time PCR. These data
demonstrated that p-gal-induced mimetic aging harbored an increased
level of CD in vitro and in vivo, which was in agreement with our
previous study [5] (Fig. 7g, h, i). In this study, NaHS significantly
ameliorated the damage to mtDNA in 3-month-old rats, while slight
ameliorations were observed in the 9-month-old rats and the cultured
neurons that were not statistically significant (Fig. 7g, h, i). Thus, we
did not evaluate the CD in groups treated with the LY-294002,
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compound C and STO-609 inhibitors.

3.6. NaHS improves molecular chaperone expression via CaMKKf3/AMPK
and PI3K/AKT pathways

The capacity of the protein homeostasis (proteostasis) network
declines during aging, facilitating neurodegeneration and other age-
related diseases associated with protein aggregation [55]. Heat shock
protein 90 (HSP90) not only supports protein folding but also the
conformational maturation and maintenance of various medically
relevant signaling proteins [56]. There are 2 major cytosolic HSP90
proteins, HSP90AA1, an inducible form, and HSP90AB1, a constitutive
form. Other HSP90 proteins are found in the endoplasmic reticulum
(HSP90B1) and mitochondria (TRAP1) [57]. We determined the
expression of HSP90 alpha (cytosolic) and TRAP1 by western blot.
Our study demonstrated that HSP90 expression increased in the p-gal-
treated group, and the expression was further upregulated in the group
treated with NaHS in the 3-month-old rats (Fig. 8a). Conversely, the
expression of HSP90 was downregulated in the 9-month-old mimetic
aging rats; whereas, this downregulation was reversed by NaHS
(Fig. 8b). In the in vitro study, the expression level of HSP90 displayed
a similar pattern as the 3-month-old rats. In addition, the increase in
HSP90 expression was eliminated by LY-294002, compound C and STO-
609 treatment. In our study, the expression of TRAP1 did not change
significantly in vivo and in vitro in the p-gal-treated groups (data not
shown). These results indicated that HSP90 alpha might be intimately
related with aging and that NaHS affected the expression of HSP90
alpha via the CaMKKB/AMPK and PI3K/AKT pathways.

4. Discussion
4.1. NaHS postponed the process of aging

Our study suggested that expression of GRP78, lamin B1 and lamin
A/C were increased in the p-gal-treated group of 3-month-old rats
(Fig. 2a) and cultured neurons (Fig. 3e, f, g), indicating an increased
oxidative stress level. Conversely, in the 9-month-old rats, lamin B1 and
lamin A/C expression were decreased significantly, while, interestingly,
GRP78 expression was not prominently changed (Fig. 2b). As reported
previously, the unfolded protein response, as mediated by molecular
chaperones such as GRP78, was decreased in aged subjects, which
showed increased susceptibility to ER stress than the young subjects
[58]. Type A and B lamins are crucial for normal cellular function; in
addition to DNA replication, transcription and chromatin organization,
they are also involved in cell proliferation and differentiation and
connection with the cytoskeleton, while abnormal expression of lamins
leads to age-related cellular dysfunction [42]. In our study, the mimetic
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group of 3-month-old rats and the cultured neurons may suffer from
increased oxidative stress as compared to the control group, with
compensation by the upregulation of GRP78, lamin A/C and lamin B1.
Conversely, the 9-month-old rats cannot handle persistent oxidative
stress and displayed an aging phenotype. Our observation of GFAP
expression (Fig. 2c) suggested a pathological process during aging.
Reactive astrogliosis is a response of activated astrocytes found in many
neurological diseases, such as trauma, neuroinflammation and neuro-
degeneration. Generally, astrogliosis can be regarded as a defensive
reaction counteracting various stresses. However, this reaction can
become maladaptive when it persists [44]. In addition, greater apop-
tosis and a larger reduction of neurons were observed in the p-gal
treatment groups, as compared with the controls (Fig. 4). Moreover,
both in the control rats and the mimetic aging rats, the apoptotic
neuronal loss in the 9-month-old rats were slightly more frequent than
in the 3-month-old rats. This observation is consistent with our previous
studies showing that apoptosis, neuronal loss and neuronal damage are
increased with age in both the mimetic aging models as well as the
controls [5,34]. These data may mirror the pathogenesis of aging,
which is tightly related with oxidative stress.

Our results suggest that NaHS decreased the expression of GRP78,
lamin A/C and lamin B1 in 3-month-old rats (Fig. 2a). In the in vitro
study (Fig. 3e, f, g), NaHS also decreased the production of ROS, as
measured in the cultured neurons (Fig. 3h). Therefore, it was confirmed
that NaHS functioned as a free radical scavenger and decreased
oxidative stress. It has been reported that NaHS decreased the produc-
tion of ROS dose-dependently in the kidney of Goto-Kakizaki (GK)
diabetic rats. Moreover, the damage to the kidney was alleviated in the
rats administered NaHS based on counting the number of crescentic
glomeruli [17], which represents the severity of complication in GK
rats. These data suggest a protective effect of NaHS against oxidative
damage. Our data also demonstrated reduced astrogliosis in the NaHS-
treated mimetic aging rats in this study (Fig. 2c), suggesting an
attenuation of the pathological process that may cause or be closely
related with oxidative stress. CD, one of the markers of aging and
strongly induced by free radicals, was increased in the p-gal-treated
group in vivo and in vitro (Fig. 7g, h, i), which was in line with previous
studies [5,59]. NaHS decreased the occurrence of CD in mitochondria
significantly in 3-month-old rats and slightly in 9-month-old rats as well
as in cultured neurons (Fig. 7g, h, i). Thus, our data together with other
studies demonstrated that NaHS may be beneficial for delaying the
process of aging. Abnormal protein homeostasis and mitochondrial
dysfunction is also tightly related with the incidence of oxidative stress
and aging [1,10]. In our study, NaHS significantly increased the
expression of molecular chaperone HSP90 alpha (Fig. 8) and reversed
abnormal mitochondria function, as indicated by normalizing the AWYm
and increasing the ATP production (Fig. 6), with these results being
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consistent with a previous study [48]. Therefore, our observations
together with other studies may suggest that NaHS plays an advanta-
geous role in postponing aging by increasing antioxidant activity,
reducing the incidence of mtDNA mutations, protecting mitochondrial
function and improving protein homeostasis, which, ultimately, lower
the level of oxidative stress.

4.2. Factors contributing to oxidative stress were inhibited by NaHS through
activating CaMKKf/AMPK and PI3K/AKT pathways

4.2.1. NaHS improved antioxidants via CaMKKB/AMPK and PI3K/AKT
pathways

Organisms and cells are equipped with an antioxidative defense
network that balances the generation and ablation of ROS to maintain
physical health. Our aging and senescent model manifested reduced
activity of the endogenous antioxidant systems such as GSH, SOD and
CAT and downregulated expression of antioxidant enzymes such as
PRDX2 and TXNRD1, as compared with the controls (Fig. 5). A previous
study reported that antioxidant activity declined as aging developed,
both in mimetic aging and natural aging rats [34]. It was also reported
that NaHS reversed the decreased GSH level and the increased ratio of
GSH to oxidized GSH (GSSG) in GK rats, which is characterized by high
levels of oxidative stress in the kidney [17]. PRDX2 is sensitive to
oxidative stress, especially to low levels of ROS [60]. Similar to PRDX,
TXNRD also plays a decisive role in resisting oxidative stress. PRDXs
scavenge oxidants such as hydrogen peroxide (H,O,) and ROS and,
thus, become oxidized and inactive; moreover, TXNRD is critical for the
reversion of the inactive PRDX through the use of a hydrogen atom
from nicotinamide adenine dinucleotide phosphate (NADPH) [60]. As
reported by Padgaonkar and co-workers, TXNRD may play a more
important role in protecting cells from stress than GSH [61]. These
studies suggested that the antioxidants were consumed gradually
during the development of senility. Furthermore, our study demon-
strated that NaHS exerts its restorative action on the degraded
antioxidant system during aging by enhancing the activity of antiox-
idants mediated by CaMKKp/AMPK and PI3K/AKT signaling pathways
(Fig. 5a, b, c). In recent studies that aligned with our results, the AMPK
and PI3K/AKT pathways were reportedly involved in the regulation of
antioxidant activity in oxidative stress models induced by ischemia/
reperfusion in mice or HyO, in Leydig's cells [62,63]. In our study,
antioxidant enzymes such as PRDX2 and TXNRD1 changed in a similar
pattern as the activity of the antioxidants mentioned above in vivo and
in vitro (Fig. 5d). In addition, our data also demonstrated that the
expression of PRDX2 and TXNRD1 were decreased during aging but
upregulated by NaHS treatment via activation of the CaMKK(/AMPK
and PI3K/AKT pathways (Fig. 5d, e). Zha et al. reported that PRDX6
protects cells from oxidative damage via PI3K/AKT signaling [64]; this
study, together with ours, suggested an intimate relationship between
the antioxidant ability and the activation of CaMKKB/AMPK and PI3K/
AKT pathways.

4.2.2. NaHS protected mitochondria via CaMKKB/AMPK and PI3K/AKT
pathways

Oxidative phosphorylation (OXPHOS) is the major process that
generates ATP and reactive free radicals. As suggested in our study, the
expression of OXPHOS was increased in 3-month-old rats and cultured
neurons in p-gal-treated groups, as compared with the controls,
particularly complex I and complex II (Fig. 6a, ¢ and Supplementary
information Fig. S2). Additionally, ATP production was decreased in
the p-gal-treated group, and mitochondrial function, as evaluated by
JC-1, was decreased in the group pretreated with p-gal (Fig. 6d). These
data suggest that p-gal-induced oxidative stress activates respiration but
is accompanied by diminished ATP levels, which have been similarly
shown in previous studies [65,66]. Although OXPHOS was activated, an
abnormal AWm disturbed ATP production; additionally, while the
generation of free radicals increased, apoptosis was consequently
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augmented. Administration of NaHS downregulated OXPHOS expres-
sion and ameliorated the abnormal AWm, eventually protecting mito-
chondrial function and improving the production of ATP (Fig. 6a, ¢, d, e
and Supplementary information Fig. S2). In the 9-month-old rats,
OXPHOS expression was lower than that of the normal control rats
(Fig. 6b and Supplementary information Fig. S2). Thus, long-term stress
induced by p-gal caused the rats to display more severe aging and
rendered the mitochondria dysfunctional, similar to a previous report
that the expression of OXPHOS was decreased in aged subjects [67].
The beneficial effects of NaHS on mitochondria were blocked in the
groups treated with the inhibitors of PI3K, AMPK and CaMKK (Fig. 6¢
and Supplementary information Fig. S2). A previous study showed that
PI3K/AKT activation by overexpression of the first member of Family
with sequence similarity 3 gene (FAM3A) protected mitochondrial
function, as indicated by increased production of ATP and decreased
generation of ROS [68]. In addition, another recent study demonstrated
that hepatocellular mitochondria was damaged by hepatotoxic drugs;
however, activation of AMPK with AICAR prevented mitochondrial
damage, as indicated by reversing abnormal mitochondrial structure,
normalizing AWm and increasing ATP production [69]. These studies,
together with ours, suggested that the NaHS protection of mitochon-
drial function is realized through the CaMKK(/AMPK and PI3K/AKT
pathways. Similar with H,S, nitric oxide (NO), one of another im-
portant endogenous gasotransmitter, also involved with the protection
of neurons in a proper dose. It preserved the function of mitochondrial
biogenesis in neurons and protect neurons from oxidative stress
through pathways such as PI3K/AKT [70] and cyclic AMP responsive
element binding (CREB) protein [71]. In another words, a potential
cross talk exists between the H2S donor and NO in some conditions.

Our data demonstrated that DNA POLG and OGG-1, the mtDNA
repair enzymes, were downregulated after p-gal treatment, though they
were not noticeably changed in the 3-month-old rats. NaHS signifi-
cantly improved the expression of DNA POLG and OGG-1 in the
mimetic aging rats and senescent cells (Fig. 7a-f). Recently, some
studies reported that H,S was involved in DNA repair of both in nuclear
DNA and mtDNA. As reported by Zhao et al., H,S recruits DNA ligase III
to nuclear DNA breaks to mediate the repair of DNA damage, which
protects cells from senescence [72]. Another study reported that the
mtDNA integrity was protected by a mitochondrially targeted H,S
donor and that mitochondrial activity was preserved [73]. However,
these two studies did not report which signaling pathway was involved
in the mitochondrial protection mediated by H,S. These previous
results are in parallel with our observation that NaHS increased the
mtDNA repair enzymes DNA POLG and OGG-1 and reduced the
occurrence of CD (Fig. 7). In addition, as reported by Habib and
coworkers, AMPK activation resulted in the upregulation of OGG1 in
cancer cells [74]. Thus, on the basis of our observations together with
previous studies, a key role of NaHS is suggested for restoring the
mtDNA repair ability during aging through activation of the CaMKKp/
AMPK and PI3K/AKT pathways.

4.2.3. NaHS maintains protein homeostasis through CaMKKS/AMPK and
PI3K/AKT pathways

NaHS may also affect proteostasis. In our study, NaHS increased the
expression of HSP90 alpha in the mimetic aging rats and senescent cells
(Fig. 8a, b, c¢). Some researchers reported that NaHS protected cells
from apoptosis by upregulating HSP90 expression [18]. Conversely, the
expression of HSP90 was also stimulated by oxidative stress according
to a previous study [75] and our data that showed increased HSP90 in
the p-gal-treated group of 3-month-old rats and in vitro study (Fig. 8a,
c). It may be illustrated that HSP90 alleviates oxidative stress by
enhancing the protein folding ability to maintain proteostasis. Mean-
while, our data suggested that CaMKKB/AMPK and P133K/AKT
signaling pathways were involved in the effect of NaHS on regulating
HSP90 alpha expression. As previously reported, the effects of NaHS on
HSP90 expression depended upon activation of AKT, while a blockade
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Fig. 9. Schematic illustration of the mechanism for the preventive effect of H,S on the aging process. Oxidative stress is induced by reduced antioxidants, imbalanced protein
homeostasis and dysfunctional mitochondria. Additionally, oxidative stress induces mitochondrial mutations and dysfunction. Mitochondrial mutations are also closely related with the
mitochondrial repair function. Mitochondrial dysfunction contributed to the activation of apoptosis and the loss of irreplaceable cells that, ultimately, led to the aging of tissues or organs
and age-related disease. Exogenous H,S attenuates oxidative stress-induced aging by mechanisms that enhance antioxidants, improve mtDNA repair capability and strengthen protein
homeostasis (proteostasis). The protective mechanisms were implemented by activation of the PI3K/AKT and CaMKKB/AMPK pathways.

of AKT significantly decreased the protein abundance of HSP90 in vitro In conclusion, the present observations may identified the beneficial
[18]. Therefore, integration of these studies demonstrates that roles of NaHS in protecting neural cells in the auditory cortex against -
CaMKK(/AMPK and PI3K/AKT were potentially regulatory points for gal-induced stress and senility in vivo and in vitro. CaMKK3/AMPK and
proteostasis initiated by NaHS. PI3K/AKT probably are two major pathways that are involved in this
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protection (Fig. 9). In addition, our data also mirror several important
features of aging, which were induced by sustained oxidative stress.
Our findings provide some new therapeutic targets for intervening in
the aging process and suggest that NaHS may have potential therapeu-
tic value in the treatment of age-related diseases such as presbycusis.
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