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ABSTRACT: Periodontitis is a progressive inflammatory skeletal disease charac-
terized by periodontal tissue destruction, alveolar bone resorption, and tooth loss.
Chronic inflammatory response and excessive osteoclastogenesis play essential roles in

periodontitis progression. Unfortunately, the pathogenesis that contributes to
periodontitis remains unclear. As a specific inhibitor of the mTOR (mammalian/
mechanistic target of ra in) signali h d th h monocyte osteoclast
g pamycin) signaling pathway and the most common autophagy
activator, rapamycin plays a vital role in regulating various cellular processes. The
Rapamycin
LPS L}

present study investigated the effects of rapamycin on osteoclast (OC) formation in

vitro and its effects on the rat periodontitis model. The results showed that rapamycin

inhibited OC formation in a dose-dependent manner by up-regulating the Nrf2/GCLC

signaling pathway, thus suppressing the intracellular redox status, as measured by 2',7'-

dichlorofluorescein diacetate and MitoSOX. In addition, rather than simply increasing periodontitis
the autophagosome formation, rapamycin increased the autophagy flux during OC

formation. Importantly, the anti-oxidative effect of rapamycin was regulated by an increase in autophagy flux, which could be
attenuated by blocking autophagy with bafilomycin Al. In line with the in vitro results, rapamycin treatment attenuated alveolar
bone resorption in rats with lipopolysaccharide-induced periodontitis in a dose-dependent manner, as assessed by micro-computed
tomography, hematoxylin—eosin staining, and tartrate-resistant acid phosphatase staining. Besides, high-dose rapamycin treatment
could reduce the serum levels of proinflammatory factors and oxidative stress in periodontitis rats. In conclusion, this study expanded

our understanding of rapamycin’s role in OC formation and protection from inflammatory bone diseases.

Bl INTRODUCTION

Bone tissues undergo continuous remodeling throughout life
through a dynamic balance between osteogenesis and
osteoclastogenesis, to ensure homeostasis and adaptation to
various stresses. Osteoclasts (OCs) are terminally differ-
entiated multinucleated giant cells involved in the matrix
resorption of hard tissues and play an important role in bone
remodeling.” Disruption of the bone remodeling process can
result in abnormal bone structure and function, thereby leading
to a variety of skeletal disorders.” Several inflammatory
musculoskeletal disorders in adults, such as periodontitis,
rheumatoid arthritis, osteoarthritis, and peri-implantitis, are
associated with the loss of bone mass due to excessive OC
activity.”” Numerous studies have adopted the strategy of OC
differentiation inhibition to alleviate these pathological
disorders.

OC:s originate from monocyte/macrophage precursor cells
from the hematopoietic system and perform the bone
resorption function near the surface of the bone/lesion.
Their differentiation occurs under the stimulus of two essential
cytokines: the receptor activator of nuclear factor kB ligand
(RANKL) and macrophage colony-stimulating factor (M-
CSF).° The binding of RANKL and the receptor activator of
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nuclear factor kappa-B (RANK) initiates a signaling cascade,
leading to the transcriptional activation of OC-specific genes.”
While M-CSF alone cannot induce OC differentiation, it
coordinates with RANKL to ensure the survival of OCs and
OC precursors, such as monocytes and macrophages.”
Recent studies have highlighted the important roles played
by oxidative stress and autophagy in RANKL-induced OC
differentiation.”'? Several natural compounds, including
flavonoids, have been shown to inhibit OC differentiation
through their antioxidant activity.'”'* The regulation of OC
formation by the modulation of autophagy has received much
attention in recent years. Studies have demonstrated that both
chemical and epigenetic regulations can influence OC
differentiation.'>"* Rapamycin, the most common autophagy
activator, has been widely used in autophagy research.'>'® As a
highly conserved protein kinase, the mammalian/mechanistic
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target of rapamycin (mTOR) consists of two structurally and
functionally distinct multiprotein complexes named mTORC1
and mTORC2."” Of the two, mTORCI is strongly linked to
autophagy and sensitive to rapamycin.'®' Inhibition of
mTORCI1 by rapamycin results in the dephosphorylation of
unc-51-like kinase 1 (ULK1) and ULKI1-Atgl3-FIP200
complex formation, which is essential for autophagosome
formation.'”

However, the role of rapamycin in OC formation and
inflammatory musculoskeletal disorders needs to be explored
in depth since the results of previous studies have been
inconclusive.”””' Studies have found that rapamycin attenuates
several patholo%ic changes, with a decrease in levels of
oxidative stress.”””’ To our knowledge, the effect of rapamycin
on ROS generation during OC formation has not been
reported yet. In addition, during autophagy-regulated
processes, it is more reasonable to detect dynamic changes
in autophagic flux rather than merely changes in the
autophagosome number. However, most of the previous
research has focused on the role of rapamycin in the activation
of the autophagic pathway, but ingored its effect on autophagy
flux during OC differentiation.'® Hence, we first examined the
effect of rapamycin on OC formation in vitro, then explored
the role of rapamycin in ROS generation and related pathways
and its effect on autophagy flux. In addition, a rat model of
periodontitis induced by lipopolysaccharide (LPS) was
established to explore the effectiveness of rapamycin in treating
inflammatory bone loss diseases.

B MATERIALS AND METHODS

Reagents and Materials. Dulbecco’s modified eagle
medium (DMEM), minimum essential medium a (a-MEM),
and fetal bovine serum (FBS) were purchased from Amizona
(USA). 2/,7'-Dichlorofluorescein diacetate (DCFH2-DA) kits,
monodansylcadaverine (MDC) kits, bicinchoninic acid (BCA)
kits, and electron microscope fixatives were purchased from
Solarbio (Beijing, China). RANKL, M-CSF, and bovine bone
slices were obtained from HUABIO (Hangzhou, China).
MitoSOX Red mitochondrial superoxide indicator was
obtained from Thermo Fisher Scientific (USA). Antibodies
Nrf2, HO-1, GCLC, LC3B, p62, and f-actin were obtained
from Proteintech (Wuhan, China). Primers of Cathepsin K
(CTSK), tartrate-resistant acid phosphatase S (ACPS), nuclear
factor of activated T cells 1 (Nfatcl), matrix metalloproteinase-
9 (MMP-9), Actb, and the Trizol kit were purchased from
Sangon Biotech (Shanghai, China). The goat-anti-rabbit and
secondary antibodies were purchased from Bioworld (Nanjing,
China). The tartrate-resistant acid phosphatase (TRAP)
staining kit was purchased from Sigma (USA). The CCK-8
assay kit was purchased from Biosharp (Guangzhou, China).
The Elisa kits for RANKL, OPG (osteoprotegerin), TRACP
Sb, TNF-q, IL-1§, and IL-6, as well as the biochemical kits for
alkaline phosphatase (ALP), malondialdehyde (MDA), super-
oxide dismutase (SOD), and nitric oxide (NO), were
purchased from Nanjing Jiancheng (Nanjing, China).
Rapamycin and bafilomycin Al were purchased from
MedChem Express. tert-Butyl hydroperoxide (TBHP) was
obtained from Macklin (Shanghai, China). Denosumab was
obtained from Selleck (USA). Other reagents were available in
our laboratory.

Cell Culture and Laboratory Animals. The cell line
(RAW264.7) was obtained from Solarbio (Beijing, China) and
cultured in DMEM supplemented with 10% FBS at 37 °C

under 5% CO, and 95% humidity. We preserved excess cells in
our laboratory for future experiments. The primary bone
marrow mononuclear cells (BMMs) were obtained after the
lysis of red blood cells from the long bones of the C57BL/6
mouse brought from Charles River (Beijing, China) and then
cultured in a-MEM.

Twenty healthy 10 week old male SPF-grade Wistar rats
were purchased from Charles River (Beijing, China). The rats
were kept at a relative humidity of 50—60% and a temperature
of 21-25 °C. The rats in each group had free access to food
and drinking water. All animal procedures were carried out in
accordance with the guidelines of the Experimental Animal
Welfare and Ethics Committee of the Tianjin Institute of
Environmental and Operational Medicine.

In Vitro OC Formation. RAW264.7 cells were plated into
a 24-well plate at a density of 1 X 10* cells/well in complete a-
MEM for a day, followed by incubation with RANKL (50 ng/
mL) and M-CSF (25 ng/mL). The medium was changed every
2 days in the presence of RANKL (50 ng/mL) and M-CSF (25
ng/mL) to induce the formation of osteoclast-like cells
(OCLs).

After being flushed from the mouse bone marrow, all cells
were cultured in complete a-MEM overnight. After red blood
cell lysis the next day, the primary BMMs were separated as
suspended cells. After cell counting, BMMs were plated into a
24-well plate at a density of 5 X 10* cells/well in complete a-
MEM supplemented with M-CSF (40 ng/mL) for a day,
followed by the addition of RANKL (50 ng/mL) on the
second day. The solution was changed after 2 days in the
presence of RANKL (50 ng/mL) and M-CSF (25 ng/mL).
For rapamycin treatment, cells were incubated in the presence
of different concentrations (50/100/200 nM) of rapamycin for
S consecutive days since studies used 100 nM rapamycin in
RAW 264.7 cells for induction of autophagy.”*** For TBHP
treatment, the cells were treated with distinct concentrations
(20/50/100 uM) of TBHP, after 2 days of induction with
RANKL for 4 h. For bafilomycin Al treatment, the cells were
incubated with 20 nM bafilomycin Al for 4 h before sample
collection. We collected cell samples for further experiments
after 5 days of induction with RANKL.

Cell Viability Assay. The cytotoxicity of rapamycin was
detected by the CCK-8 assay during OC differentiation or
normal culture. After 5 days of culture, the medium was
changed, and 10 uL of CCK-8 buffer was added, followed by
incubation in darkness at 37 °C for 1 h. The absorbance was
measured at 450 nm by a microplate reader (Molecular
Devices, USA).

TRAP Staining. Briefly, after 5 days of OCL and OC
induction, the cells were fixed in 4% paraformaldehyde for 3
min. TRAP staining was performed for OC detection
according to the manufacturer’s protocol. At least six random
images were captured for each well using a fluorescence
microscope (Leica, Germany). Lastly, TRAP-positive cells
(purple) with no fewer than five nuclei were counted as OCLs
or OCs.

Determination of the Level of Oxidative Stress by the
MitoSOX Assay and the H2DCFH-DA Assay. Mitochon-
drial superoxide ion production was assayed using a MitoSOX
Red mitochondrial superoxide indicator. Intracellular ROS was
detected by the fluorescent probe 2’,7'-dichlorofluorescein
diacetate (H2DCF-DA). Both assays were carried out
according to the manufacturer’s protocol.
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Table 1. Primer Sequences for Real-Time PCR

gene forward primer, 5 to 3’
CTSK GAAGAAGACTCACCAGAAGCAG
ACPS CACTCCCACCCTGAGATTTGT
Nfatcl GACCCGGAGTTCGACTTCG
MMP-9 CTGGACAGCCAGACACTAAAG
Actb GGCTGTATTCCCCTCCATCG

reverse primer, 5’ to 3’
TCCAGGTTATGGGCAGAGATT
CATCGTCTGCACGGTTCTG
TGACACTAGGGGACACATAACTG
CTCGCGGCAAGTCTTCAGAG
CCAGTTGGTAACAATGCCATGT

Monodansylcadaverine Stain. Autophagic staining was
measured using a cell monodansylcadaverine (MDC) assay kit
(Solarbio, Beijing, China) according to the manufacturer’s
protocol.

Western Blot Analysis. Briefly, treated OCs were lysed in
RIPA buffer supplemented with phenylmethylsulfonyl fluoride
and phosphatase inhibitors. Whole cell lysates were separated
using 4—12% or 15% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Bio-Rad system). The
membranes were blocked with 5% non-fat milk in Tris buffered
saline with Tween 20 (20 mM Tris—HCI, 500 mM NaCl, and
0.1% Tween 20) at room temperature for 2 h. They were
subsequently incubated with targeted primary antibodies
overnight and, subsequently, with the corresponding secondary
antibodies. Finally, the chemiluminescence signals were
captured with an Amershan Imager 680 (USA).

Quantitative PCR. Total RNA was extracted from BMMs
and RAW 264.7 cells after OC formation using a Trizol kit,
following a standard protocol. cDNA was obtained through
reverse transcription from an aliquot of 500 ng of RNA, by
TaKaRa PrimeScript Reverse Transcriptase (TaKaRa Bio Inc.,
Shiga, Japan). Quantitative PCR was performed using the
SYBR green mixture (Takara) to detect the expression of
genes. The 27%2¢T method was used to analyze results in
which data were normalized using the relative expression of
ACTB as a control. The primer sequences are shown in Table
1.

Bone Resorption Measurement. BMMs were seeded on
the bovine bone slice and induced with the RANKL and M-
CSF mentioned above for 7 days. Then, the slice will be fixed
and detected by scanning electron microscopy (HITACHI,
Japan).

Rat LPS-Induced Periodontitis Model. After adjustable
feeding for 3 days, a total of twenty 10 week old healthy Wistar
male rats were randomly allocated into four groups (n = ) to
establish the LPS-induced periodontitis rat model:*® control
(treated with phosphate buffered saline), model group (treated
with 1 mg/mL of LPS), low-dose rapamycin (treated with 1
mg/mL of LPS and 42 ppm of rapamycin), and high-dose
rapamycin (treated with 1 mg/mL of LPS and 160 ppm of
rapamycin). The choice of low-dose rapamycin referred to a
published periodontitis animal study,”” and the choice of high-
dose rapamycin was consistent with an in vitro study (160 ppm
rapamycin ~200 nM rapamycin).

Each rat was anesthetized by intraperitoneal injection of 2%
pentobarbital (40 mg/kg), followed by an injection of LPS
(containing 0/42/160 ppm of rapamycin) dissolved in normal
saline into the vestibular, lingual gingiva of the maxillary first
molar, and the gingiva between the first and second molars (20
uL solution for each injection site) on both sides in all groups
except the control group (which was injected with the same
amount of normal saline). LPS was injected every other day for
4 weeks during the entire course of the experiment.

20741

Therapeutic Efficacy In Vivo. High-resolution micro-
computed tomography (uCT) (PerkinElmer, USA) (90 Kv,
180 mA, equidistant resolution 20 ym, exposure time 4.5 min)
was used to examine the fixed alveolar bone. Briefly, after
fixing, the alveolar bones were decalcified and embedded in
paraffin. Thereafter, we performed TRAP and hematoxylin—
eosin (HE) for morphometric observation. The serum was
collected for ELISA and the biochemical assay. The levels of
RANKL, OPG, TRACPSb, TNF-a, IL-1f, and IL-6 in the
serum were determined by the ELISA assay. Biochemical kits
were used to test the enzyme activities of ALP, MDA, SOD,
and NO. A multifunctional microplate reader (Molecular
Devices, USA) was used to measure the serum indicators. All
procedures were performed in accordance with the manu-
facturer’s instructions.

Statistics. The data were expressed as the means =+
standard deviation. Independent sample t-tests were used for
the comparison of two groups. For multiple comparisons, a
one-way analysis of variance (ANOVA) was performed. Values
of p < 0.05 were considered statistically significant. Data
analyzes were performed using GraphPad Prism 8.4.0.

B RESULTS

Rapamycin Inhibited RAW 264.7 Cells and BMMs OC
Differentiation in a Concentration-Dependent Manner
in Vitro. The viability of RAW 264.7 cells did not change
significantly under rapamycin treatment, regardless of differ-
entiation or not, sd measured by a CCK-8 assay (Figure 1A).
The number and size of TRAP-positive OCs were significantly
decreased after treatment with rapamycin in a dose-dependent
manner (Figure 1B—D). In addition, an increase in the
rapamycin concentration in BMMs led to the downregulation
of the mRNA levels of mature OC function-related markers,
such as ACPS, CTSK, Nfatcl, and MMP-9 (Figure 1E). In
addition, rapamycin exhibits inhibitory effects similar to those
of denosumab (Figure 1B—E). These results demonstrated
that rapamycin could significantly inhibit OC formation with
little or no evident cytotoxicity.

Rapamycin Suppressed the Level of Oxidative Stress
by Upregulating the Nrf2/GCLC Signaling Pathway in a
Dose-Dependent Manner during Osteoclastogenesis.
Rapamycin significantly inhibited the level of oxidative stress
(Figure 2A—D), in a dose-dependent manner. Rapamycin did
not affect the fluorescence intensity of MDC staining, which
was positively associated with the number of autolysosomes
(Figure 2E,F). A Western blot was performed to explore the
mechanism of ROS suppression and the influence of
rapamycin on autophagy. Previous studies have demonstrated
the downregulation of Nrf2, a key transcription factor
regulating the antioxidant response, during RANKL-induced
osteoclastogenesis. In the present study, the level of Nrf2 was
rescued by rapamycin in a dose-dependent manner during OC
formation (Figure 2G,H). Furthermore, the classical down-
stream signaling molecules of Nrf2 were obviously changed by
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Figure 1. Rapamycin inhibited OC differentiation in a dose-dependent manner. (A) CCK-8 assay. (B) TRAP staining of the RAW 264.7 cells and
BMMs. Scale bar: 200 ym. (C,D) Quantitation of RANKL-induced TRAP-positive cells and multinucleated cells with/without denosumab or
rapamycin. n = 6; versus S days RANKL-induced group; **#*P < 0.0001. (E) mRNA levels of mature OC function-related markers in BMMs

treated with/without denosumab or rapamycin, for S days, respectively. n =

3; versus S days RANKL-induced group; ****P < 0.0001.

Abbreviations: CTSK: Cathepsin K; ACPS: tartrate resistant acid phosphatase S; MMP-9: matrix metalloproteinase-9; Nfatcl: nuclear factor of
activated T cells 1; 5d: S days RANKL induction group; Deno: denosumab treatment group.

rapamycin, such as GCLC and HO-1 (Figure 2G,H). The
expression level of GCLC was upregulated by rapamycin,
which could explain its inhibitory effect on ROS. However,
HO-1 was significantly downregulated by rapamycin, which
exceeded our expectations. The level of HO-1 was higher than
that in the control group, and the trend of ROS level was the
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same as that in the RANKL-induced group (Figure 2A,B). We
postulated that the antioxidant effect of rapamycin was mainly
dependent on the upregulation of the Nrf2/GCLC pathway,
and the level of the HO-1 during OC formation was influenced
not only by the antioxidant activity, but also by the level of
oxidative stress. The LC3B-II/LC3B-I ratio was not upregu-

https://doi.org/10.1021/acsomega.3c01289
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Figure 2. Rapamycin significantly suppressed the level of oxidative stress during OC formation and upregulated the Nrf2/GCLC signaling pathway
in RAW 264.7 cells in a dose-dependent manner. (A) ROS levels in RAW 264.7 cells and BMMs using DCFH2-DA. Scale bar: 100 ym. (B)
Mitochondrial superoxide levels in RAW 264.7 cells and BMMs using MitoSOX. Scale bar: 100 ym. (C) Quantitative analysis of DCFH2-DA
fluorescence intensity. (D) Quantitative analysis of MitoSOX fluorescence intensity. (E) Autophagy level in RAW 264.7 cells and BMMs using
MDC. Scale bar: 100 ym. (F) Quantitative analysis of MDC fluorescence intensity. (G) Expression levels of p-mTOR, mTOR, Nrf2, GCLC, HO-1,
LC3B, and p62, relative to f-actin, in RAW 264.7 cells in the presence of 0/50/100/200 nM rapamycin, after S days of OC differentiation. (H)
Protein intensity was analyzed by Image J software. (C, D, F, H) n = 3; versus the 5 day RANKL-induced group; ns, no significance, *P < 0.0S, **P

< 0.01, ***P < 0.001, and ****P < 0.0001.

lated under rapamycin treatment, while rapamycin caused a
marked increase in the degradation of autophagy substrate p62
in a concentration-dependent manner. The ratio of p-mTOR/
mTOR only slightly decreased in the presence of rapamycin
(with no statistical difference). These results indicate that
rapamycin might not only increase autophagosome formation
but also increase autophagy flux during osteoclastogenesis. In
addition, since intracellular ROS is an essential trigger of
autophagy and is involved in the activation of the AMPK
pathway, we found that the ratio of p-AMPK/AMPK decreased
in the presence of rapamycin (Supporting Information Figure
1).

Rapamycin Inhibited OC Formation and Function by
Oxidative Suppression. TBHP was applied to reverse the
oxidative suppression of OCs during rapamycin treatment to
explore the role of oxidative suppression by rapamycin. The
CCK-8 assay was performed to determine the optimal dose of
TBHP. The CCK-8 assay was performed to determine the
optimal dose of TBHP. No significant damage effects were
observed after 4 h of treatment with 20 or 50 uM TBHP,
respectively (Figure 3A,B). Thereafter, pre-treatment with 20
and 50 yuM TBHP was performed for 4 h to reduce the
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oxidative stress level suppressed by rapamycin, which was
measured by the MitoSOX assay and DCFH2-DA. The pre-
treatment reduced the oxidative stress level in the 200 nM
rapamycin group (Figure 3C—E). Four hours of pre-treatment
with 20 and 50 yM TBHP reversed the suppression effect of
rapamycin in OC differentiation, as shown by the increase in
the number of TRAP-positive cells detected by TRAP stain
(Figure 3F,G). Pre-treatment with THBP also reversed the
decrease in the mRNA expression levels of mature OC
functional markers by rapamycin, such as CTSK and ACPS
(Figure 3H). The effect of rapamycin on bone resorption was
determined by bone resorption measurements. Scanning
electron microscopy showed that 200 nM rapamycin impaired
bone resorptive function, while 204M TBHP could restore the
resorption ability to a certain extent (Figure 3L]J). All these
results indicated that rapamycin could suppress OC formation
via downregulation of the oxidative stress level.

Rapamycin Increased Autophagy Flux during OC
Formation and Suppressed the Level of Oxidative
Stress via the Autophagy-Mediated Pathway during OC
Formation. To further elucidate the precise effect of
rapamycin-enhanced autophagic activity and to comprehen-
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sively evaluate changes in autophagy flux, the LC3 protein flip
test and expression of soluble/insoluble p62 were performed
together.”® Typically, when bafilomycin Al is applied to
determine the effect of drugs on autophagic flux, four groups
are routinely established: a § days differentiation group (5d), a
S day differentiation combined bafilomycin Al treatment
group (Sd + BAF), a 5 day differentiation group combined
rapamycin treatment group (Sd + RAP), and a S days
differentiation group combined rapamycin and bafilomycin Al
treatment group (5d + RAP + BAF). As depicted in Figure
4A,B, western blot showed that both rapamycin and rapamycin
plus bafilomycin Al groups significantly increased the
transformation of LC3I to LC3IL Analysis of the levels of
soluble and insoluble p62 showed that the degradation rate of
soluble p62 was much higher in the rapamycin group than in
the normal differentiation group (Figure 4A—D), while the
levels of insoluble p62 were similar in both groups. Hence,
rapamycin increased the amount of autophagosome formation
and autophagic flux. To clarify the relationship between the
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antioxidant effect and autophagy flux increased by rapamycin,
DCFH2-DA and MitoSOX assays were performed to
investigate whether the blocking of autophagy flux would
increase ROS levels. Both assays showed that the inhibition of
autophagy flux by bafilomycin Al did not lead to an increase in
ROS levels during RANKL-induced OC formation. However,
when the autophagy flux was blocked by bafilomycin Al in the
rapamycin treatment group, which had been increased by
rapamycin, the level of oxidative stress was significantly
increased (Figure 4E—H). These results indicated that the
antioxidant effect of rapamycin during OC formation was
mediated by increased autophagy flux.
Rapamycin-Attenuated LPS-Induced Rat Periodonti-
tis and Alveolar Bone Erosion. A LPS-induced rat
periodontitis model was established to investigate the potential
of rapamycin in the treatment of inflammatory bone-related
diseases. The brief experimental design and procedure for
periodontitis establishment and rapamycin intervention are
depicted in Figure SA. Micro-CT results revealed that the
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alveolar bone around the maxillary molars was significantly
reduced after LPS injection. The distance from the
cementoenamel junction (CEJ) to the alveolar bone crest
(ABC) of the maxillary first molar increased significantly as
compared to the control group, which confirms the establish-
ment of experimental periodontitis in our laboratory model
(Figure 5B). CT analysis showed a marked bone loss in the
model group, with a decrease in the trabecular number (Tb.
N) and thickness (Tb. Th), accompanied by an increase in
trabecular separation (Tb. Sp) when compared to the control
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group (Figure SB,C). Rapamycin treatment rescued bone loss
and decreased the distance of CEJ to ABC (Figure 5B,C), thus
decreasing alveolar erosion and reversing the trabecular
parameters when compared to the model group. The high-
dose rapamycin group showed a better therapeutic effect as
compared to the low-dose group (Figure SB,C). HE staining
showed typical pathologic changes in the model group, such as
inflammatory cell infiltration, hyperplasia, and erosion of the
surface of the crest, while rapamycin treatment diminished
these pathologic changes. Again, the high-dose group showed a
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Figure 6. Rapamycin alleviates the bone resorption serum indicator associated with periodontitis in vivo and decreases the level of oxidative stress
and inflammatory factor secretion. (A) Serum levels of RANKL, OPG, TRACPSb, and ALP. (B) Total MDA, SOD, and NO of rat serum. (C)
Serum levels of IL-15, IL-6, and TNF-a. (A, B, C) n = S, versus model group; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

better protection effect than the low-dose group (Figure SD).
TRAP staining showed that the model group had more OCs
with larger cell morphology, and the rapamycin group reduced
OC formation (Figure SE). These data demonstrated that the
high-dose rapamycin group was more efficient than the low-
dose group, with fewer OC formation and less bone erosion
measured, and fewer pathological changes (hyperplasia and
inflammatory cell infiltration).

Rapamycin Alleviated the Bone Resorption Serum
Indicator Associated with Periodontitis in Vivo and
Decreased the Level of Oxidative Stress and Inflam-

20750

matory Factor Secretion. As explicitly shown in Figure 6A,
the serum levels of bone resorption biomarkers, such as
TRACPSb, RANKL, and ALP, were significantly increased in
the model group, which is indicative of osteoclastogenesis
enhancement and osteogenesis repair, while a decrease was
observed in OPG, which is an OCs’ suppression cytokine.
Rapamycin treatment could effectively reverse the levels of
these biomarkers in both high- and low-dose groups compared
to the model group (Figure 6A). While the high-dose
rapamycin group was also found to suppress the serum levels
of pro-inflammatory cytokines, such as IL-6, IL-1/3, and TNE-

https://doi.org/10.1021/acsomega.3c01289
ACS Omega 2023, 8, 20739—-20754


https://pubs.acs.org/doi/10.1021/acsomega.3c01289?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01289?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01289?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01289?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

a, as well as the oxidative stress level measured by MDA and
NO, the level of the anti-oxidative stress indicator SOD
increased. However, no significant difference was found in the
low-dose group compared to the model group (Figure 6B,C)
regarding pro-inflammatory and the oxidative stress serum
detection index.

B DISCUSSION

Elevated level of local oxidative stress leads to the excessive
activation of OC differentiation, which is the major cause of
many bone loss diseases. To the best of our knowledge, this
study is the first to demonstrated that rapamycin, the most
common autophagy activator, has therapeutic potential in bone
loss diseases and inhibits osteoclastogenesis in both RAW
264.7 cells and BMMs in vitro through the antioxidative effect.

Mitochondria are the most important ROS source in the OC
differentiation process. Intracellular ROS have been regarded
as essential molecules for osteoclastogenesis, which is usually
detected by DCFH2-DA.* In the current study, we also found
an increase in the mitochondrial anionic superoxide level
during OC differentiation, as detected by MitoSOX, which has
seldom been reported in OC-related studies. Previous studies
demonstrated that the suppression of oxidative stress during
OC formation would inhibit OC-specific transcription factors,
such as Nfatcl and C-FOS, thus impairing OC differentiation
and function.””*" We observed that rapamycin impaired OC
differentiation and function by suppressing both intracellular
ROS and mitochondrial superoxide levels. In addition, we
demonstrated that the antioxidant pathway, such as Nrf2/
GCLC, was upregulated by razpamycin in an obvious
concentration-dependent manner.”” We further showed that
exogenously generated intracellular H,O, (TBHP) rescued
OC differentiation and function in the presence of rapamycin.
Collectively, the data demonstrated that rapamycin has a
nonnegligible anti-oxidative effect rather than simple mTOR
pathway inhibition or autophagy activation. Application of
rapamycin should be cautious, especially in both oxidative
stress and autophagy-related cellar processes such as OC
differentiation.

As a vital eukaryotic signaling network coordinator, mTOR
protein kinases regulate cell growth in response to environ-
mental factors. Previous studies have demonstrated that both
epigenetic and chemical regulation of mTORCI influenced the
formation of OCs in vitro and the progression of the hard
tissue disease, although several questions remain. For example,
Zhang et al.”® found that targeted knock-out of Raptor (a key
component of mTORC1) resulted in mice with osteopenia
and enhanced osteoclastogenesis, while targeting deletion of
Tscl (a negative regulator of mMTORC1) showed the opposite
effect. However, Dai et al.”' revealed that mTORCI prevented
the differentiation of OC precursors in vitro and in mice by the
inhibition of NF-kB/Nfatcl signaling. Further studies have
demonstrated the dual roles of mMTORC1 in osteoclastogenesis
and the dose-dependent effects of rapamycin on bone
homeostasis.”> It should be noted that while these studies
have shed light on the mechanisms related to the mTOR
signaling pathway, they have not taken into account the
antioxidative stress impact of rapamycin. Our study demon-
strated that rapamycin could inhibit osteoclastogenesis by
significantly suppressing the level of oxidative stress.

In recent years, autophagy has been found to participate in
several bone-related diseases and osteogenesis/osteoclasto-
genesis. As the most common autophagy activator, rapamycin

has been widely used in OC and autophagy-related studies.'***

However, to the best of our knowledge, those studies have
used rapamycin as a simple autophagy activator but neglected
its effect on autophagy flux and oxidative stress. For the first
time, our research has shown that the common autophagy
activation dose of rapamycin (200 nM or so) not only
increased the number of autophagosomes but also increased
the autophagy flux during OC differentiation in vitro, which
may involve lysosome changes. The autophagic process could
relieve oxidative stress, which was proved by numerous
studies.”>*® Due to the complex crosstalk between ROS and
autophagy,” ™’ we designed several experiments to further
explore their interactions. Bafilomycin Al was applied to block
the autophagy flux. The results showed that blocking
autophagy for 4 h by bafilomycin Al could not induce an
increase in the level of oxidative stress during OC formation
(without rapamycin). But the same application induced
oxidative stress increase in the presence of rapamycin. These
results indicated that the antioxidative effect of rapamycin was
related to the increase in autophagy flux. Second, the ROS
level is an important trigger of autophagy, especially when it
involves the activation of the AMPK signaling pathway.’>*
Previous autophagy-related studies have only used rapamycin
as an autophagy activator but ignored its antioxidative stress
effect and its influence on the AMPK signaling pathway during
osteoclastogenesis.'* Our study demonstrated that rapamycin
could downregulate the expression of p-AMPK, which could
explain the absence of a significant reduction in the ratio of p-
mTOR/mTOR under rapamycin treatment during osteoclasto-
genesis.

Also, as the famous anti-aging drug, rapamycin only caused
reversible adverse effects after ending treatment, and it has
been tested in many organs, which indirectly proved its
safety.”” A previous study reported the use of rapamycin as an
anti-aging drug to treat elderly mice periodontitis.”” Tissue
regeneration with rapamycin was performed several months
after periodontitis was established, emphasizing the role of
rapamycin in osteogenesis. It demonstrated that rapamycin
could regenerate the periodontal bone and attenuate gingiva
and periodontal bone destruction in long-term chronic bone
disease.”” In this study, a short-term LPS-induced periodontitis
model was established, and rapamycin was applied from the
beginning to focus on the effect of rapamycin on osteoclasto-
genesis. The results of 4-CT, HE staining, and TRAP staining
showed that low- and high-dose rapamycin could protect
alveolar bone from erosion, reduce the distance between the
CEJ and the ABC, and diminish the pathologic changes around
periodontal tissue. The high-dose group had a better protective
effect as compared to the low-dose group. Serum assays
showed a decrease in bone resorption indicators, such as
RANKL and TRACPSb, in the rapamycin treatment group.

To further explore the mechanism of rapamycin in treating
periodontitis, oxidative stress and inflammatory markers were
examined. As proinflammatory cytokines, IL-6 and TNF-a
enhance osteoclastogenesis and directly and indirectly induce
excessive OC formation by aggravating local tissue oxidative
stress.””” Therefore, therapeutic drugs either block the OC
directly or do so indirectly via cytokine arrest.""** However,
compared to the model group, only the high-dose rapamycin
treatment group showed greater suppression of the common
inflammatory and proinflammatory factors,”** such as IL-1p,
TNF-a, and IL-6. Similarly, biochemical results indicated that
only high-dose rapamycin could significantly inhibit oxidative
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stress injuries, such as MDA and NO reduction and SOD
enhancement, when compared to the model group. Based on
these data, we speculated that the high dose of rapamycin
could directly inhibit OC formation as well as indirectly inhibit
OC via suppression of the level of inflammatory cytokines and
oxidative stress in the local tissue.”

Many studies have found that some natural extracts could
also inhibit LPS-induced bone loss by ROS suppression, such
as Alpinetin, Oroxylin A, Diosmetin, etc.*™* It is valuable to
compare the efficacy, safety, and mechanism of action of
rapamycin with those of these compounds. The exact
mechanism by which rapamycin regulates immune response
and alleviates oxidative stress in vivo is still unclear, whether via
immunosuppression*” or the autophagy pathway,”’ since
rapamycin is regarded as both an autophagy activator and an
immunosuppressor. The complex interactions between im-
mune response, autophagy, and oxidative stress need to be
further elucidated, especially in these inflammatory bone
diseases.

In summary, we revealed, for the first time, that rapamycin
inhibited OC differentiation by the suppression of oxidative
stress and explored the interactions between ROS and
autophagy flux when rapamycin was applied during OC
formation. An animal model of periodontitis induced by LPS
demonstrated the therapeutic potential of rapamycin for
inflammatory bone-loss diseases. Future studies should focus
on exploring the complex interactions between autophagy and
oxidative stress in inflammatory bone disease.
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