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The mechanosensitivity of inflammation can alter cellular mechanotransduction. However, the underlying
mechanism remains unclear. This study aims to investigate the metabolic mechanism of inflammation under
mechanical force to guide tissue remodeling better. Herein, we found that inflammation hindered bone
g remodeling under mechanical force, accompanied by a simultaneous enhancement of oxidative phosphorylation
Glucose metabolism . . . . . .
PGC-1a (OXPHOS) and glycolysis. The control of metabolism direction through GNE-140 and Visomitin revealed that
LDHA enhanced glycolysis might act as a compensatory mechanism to resist OXPHOS-induced osteoclastogenesis by
promoting osteogenesis. The inhibited osteogenesis induced by inflammatory mechanical stimuli was concom-
itant with a reduced expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-
la). PGC-1a knockdown impeded osteogenesis under mechanical force and facilitated osteoclastogenesis by
enhancing OXPHOS. Conversely, PGC-1a overexpression attenuated the impairment of bone remodeling by in-
flammatory mechanical signals through promoting glycolysis. This process benefited from the PGC-1a regulation
on the transcriptional and translational activity of lactate dehydrogenase A (LDHA) and the tight control of the
extracellular acidic environment. Additionally, the increased binding between PGC-1a and LDHA proteins might
contribute to the glycolysis promotion within the inflammatory mechanical environment. Notably, LDHA sup-
pression effectively eliminated the bone repair effect mediated by PGC-1a overexpression within inflammatory
mechanical environments. In conclusion, this study demonstrated a novel molecular mechanism illustrating how
inflammation orchestrated glucose metabolism through glycolysis and OXPHOS to affect mechanically induced
bone remodeling.

1. Introduction to overloading of the original mechanical force and affect tissue

remodeling through mechanotransduction alterations [8,9]. The influ-

Inflammation is intimately linked to the development of most dis-
eases [1,2]. Characterized by temporal and spatial heterogeneity [3],
the dynamic response of inflammation is closely intertwined with me-
chanical force. Apart from extrinsic mechanical stimuli such as weight-
bearing and friction at the site of inflammation [4,5], blood/interstitial
flow, traction of cell-matrix interaction, and intercellular contacts all
subject inflammatory cells to strong fluctuations in mechanical forces
[6]. Homeostatic remodeling during inflammation makes cells more
sensitive to mechanical stimuli [7]. This heightened sensitivity can lead

ence of inflammation on mechanotransduction involves multiple factors
such as ion channels [10], molecular pathways [11], and extracellular
vesicles [12]. The execution of these activities necessitates energy
metabolism for their maintenance. Interestingly, metabolism is also
involved in aberrant mechanotransduction. The inflammatory me-
chanical environment induces changes in oxygen concentration and
nutrient abundance, leading to metabolic reprogramming [13]. How-
ever, the potential mechanisms by which inflammatory mechanical
signals affect tissue remodeling through metabolic reprogramming
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remain to be elucidated.

Increasing glucose uptake and enhancing anaerobic glycolysis as the
major source of adenosine triphosphate is a significant metabolic char-
acteristic of cellular response to inflammatory mechanical stimuli [14].
This metabolic shift may stem from the activation of mitochondrial
autophagy [15] and the coupling of actin with glycolytic enzymes [16].
In addition, inflammatory mechanical signals promote the enrichment
of OXPHOS genes [17]. The modulation of metabolic fluxes in glycolysis
and OXPHOS is pivotal in the glucose metabolic reprogramming that
underlies the biological function of stem cells [18]. These metabolic
adaptations effectively meet the energy demands and facilitate macro-
molecule synthesis during tissue remodeling [19]. Additionally, the
metabolic intermediates regulate epigenetic modifications [20],
communication between mitochondria and the nucleus [21], and re-
ceptor binding [22] to affect cell growth, development, pluripotency
maintenance, and response to cellular stress. Therefore, we hypothesize
that inflammatory mechanical stimuli can impact tissue remodeling
through glucose metabolic reprogramming. PGC-1a plays a crucial role
in gluconeogenesis and the preservation of glucose metabolic homeo-
stasis across various organs [23,24]. It possesses the ability to sense
intracellular AMP/ATP ratio changes, thereby governing glucose
transportation, electron respiratory chain transmission, and oxidative
stress [25]. Nevertheless, how PGC-1a orchestrates glucose metabolism
to affect tissue remodeling in an inflammatory mechanical environment
remains unclear.

Orthodontic treatment of periodontitis is considered as a represen-
tative model for studying the impacts of inflammatory mechanical
stimuli. Periodontitis is characterized by periodontal tissues destruction
and alveolar bone resorption, which can cause malocclusion and
occlusal trauma that necessitate correction through orthodontic force
[26]. As major periodontal osteoprogenitors implicated in orthodontic
bone remodeling in periodontitis, periodontal ligament stem cells
(PDLSCs) and bone marrow stromal cells (BMSCs) possess the ability to
perceive and respond to periodontal microenvironment stimuli [27].
They convert mechanical stimuli into chemical signals, thereby facili-
tating anaerobic oxidation [15] and lactate release to regulate alveolar
bone remodeling [28]. Exploring the role of glucose metabolism in or-
thodontic bone remodeling of periodontitis will shed light on the unique
characteristics of tissue remodeling in this population. Furthermore, it
can provide valuable insights into the metabolic mechanisms underlying
the pathogenesis of inflammatory disorders within mechanical
environments.

Hence, the present study aims to clarify how periodontitis affects
mechanically induced alveolar bone remodeling through glucose
metabolic reprogramming and the underlying molecular mechanisms.
Our findings indicate that the impaired bone remodeling by inflamma-
tory mechanical stimuli is accompanied by a dual enhancement of
glycolysis and OXPHOS. Notably, the upregulation of glycolysis serves
as a compensatory mechanism, promoting osteogenesis to counteract
the osteoclast promoting induced by the heightened OXPHOS. During
this process, OXPHOS-sensitive PGC-1a alters the direction of glucose
metabolism by regulating the transcription, translation, and metabolite
activity of LDHA, a crucial rate-limiting enzyme in glycolysis, thereby
affecting mechanically induced bone remodeling. These findings
contribute to our understanding of the metabolic dynamics underlying
tissue remodeling in inflammatory mechanical microenvironments.
Moreover, these results offer potential metabolic therapeutic strategies
for tissue remodeling in inflammatory diseases within mechanical
environments.

2. Results

2.1. Inflammatory microenvironment impaired the bone remodeling of
periodontium under mechanical force

Obtained periodontal osteoprogenitors were identified through flow
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cytometry (Additional file 1: Fig. S1A, D). Alkaline phosphatase (ALP)
staining (Additional file 1: Fig. S1B, E) and oil red O staining (Additional
file 1: Fig. S1C, F) confirmed prolonged inflammatory induction with 10
ng/ml TNF-a could impair the osteogenic and lipogenic differentiation
potential of the two cells. This was consistent with the characterization
of periodontal tissues obtained from periodontitis donors [7,29].
Considering the higher levels of inflammatory factors and the restricted
availability of periodontal osteoprogenitors even in the stable periods of
periodontitis [30], 10 ng/ml TNF-a was chosen as an alternative method
of inflammatory induction for further studies [31].

After 12-h and 24-h mechanotransduction, the osteogenic differen-
tiation potential of periodontal osteoprogenitors in each group was
evaluated (Fig. 1A). The inflammatory microenvironment exhibited
decreased expression of osteogenesis-related genes and proteins
(Fig. 1B-G; Additional file 1: Fig. S2A, B). Correspondingly, the
osteoclast-related genes were increased with inflammatory treatment
(Fig. 1B, C; Additional file 1: Fig. S2A, B). Additionally, flow cytometric
analysis (Additional file 1: Fig. S2E—H) further indicated that no sig-
nificant difference in cell cycle was found within the control and the
inflammatory groups, ruling out a potential effect of cell proliferation on
osteogenic differentiation.

Since inflammation control was a prerequisite for mechanical force
application, rats of stable-phase periodontitis were constructed
(Fig. 1H). Alveolar bone loss was observed in periodontitis rats by micro
CT (Fig. 1I) and hematoxylin and eosin (HE) staining (Additional file 1:
Fig. S2I). The tension side of the inflammatory periodontium showed a
decrease in trabecular thickness, along with an increase in both
trabeculae number and trabecular pattern factor (Fig. 1J). This implied
that while the periodontitis periodontium under mechanical force
stimulated local bone formation to some extent, the newly remodeled
bone showed low density and poor mechanical strength, resulting in an
osteoporotic phenotype. Furthermore, the inflammatory group exhibi-
ted higher tartrate-resistant acid phosphatase (TRAP) enzyme activity
(Fig. 1K, L) and lower ALP protein expression (Fig. 1M, N) after me-
chanical force application. Consistent with in vitro findings, in vivo data
hinted that the inflammatory microenvironment could suppress peri-
odontal bone remodeling driven by mechanical force.

2.2. Inflammatory microenvironment promoted glycolysis and OXPHOS
of mechanically stretched periodontal osteoprogenitors

Alterations in cellular metabolic profiles are often associated with
their differentiation [32]. The inflammatory mechanical microenviron-
ment exhibited elevated expression of glycolysis-related genes (Fig. 2A,
B) and enhanced efflux of lactate, an end product of glycolysis (Fig. 2E).
Correspondingly, inflammatory mechanical stimuli promoted phos-
phorylated PDH-Ela immunofluorescence expression (Fig. 2C, D),
implying a more active role of glycolysis in energy production and uti-
lization. More importantly, the following glycolytic parameters in in-
flammatory groups including glycolysis (Fig. 2G), glycolytic capacity
(Fig. 2H), glycolytic reserve (Fig. 2I), and non-glycolytic acidification
(Fig. 2J) were increased to varying degrees through extracellular acid-
ification rate (ECAR) detection (Fig. 2F). These demonstrated the in-
flammatory microenvironment activated the glycolysis of mechanically
stretched periodontal osteoprogenitors.

Analogously, OXPHOS also presented positive variations by inflam-
matory mechanical stimuli. The inflammatory groups exhibited a more
enhanced membrane potential (Fig. 3A, B). The active mitochondria
within the inflammatory mechanical environment accordingly resulted
in an increase in ATP production (Fig. 3C). Although no statistical dif-
ference in superoxide anions existed between the control and inflam-
matory groups (Fig. 3D, E), the NAD'/NADH ratio was increased by
inflammatory mechanical stimuli (Fig. 3F). Additionally, parameters of
oxidative metabolism (Fig. 3G), including basal respiration (Fig. 3I),
ATP-linked respiration (Fig. 3J), and recovery respiration with FCCP
(Fig. 3K), exhibited an ascending response to inflammatory mechanical
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Fig. 1. Inflammatory microenvironment impaired the bone remodeling of periodontium under mechanical force. A. A schematic representation of mechanotrans-
duced cells in periodontium under mechanical force. B—C. mRNA quantification of ALP, RUNX2, COL-1, RANKL, OPG, and RANKL/OPG ratio by qRT-PCR in
PDLSCs/BMSCs and iPDLSCs/iBMSCs groups mechanically stimulated for 24 h. n = 3. D-G. Protein levels of ALP, RUNX2, and COL-1 by western blot (D, E) and
quantification (F, G) by image J in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. H. Construction of mechanically stimulated models
in control/periodontitis rats. I. Representative micro-CT images of mechanically stimulated models in control/periodontitis rats. n = 3. The white lines represent
alveolar bone height. J. Quantification of BV/TV, Tb.N, Tb.Pf, Tb.Th of mechanically stimulated models in control/periodontitis rats. n = 3. K-L. Representative TRAP
staining images (K) and quantification analysis (L) of mechanically stimulated models in control/periodontitis rats. n = 3. Scale bar, 300 pm (upper panel); Scale bar,
10 pm (lower panel). M-N. Representative ALP immunohistochemical images (M) and quantification analysis (N) of mechanically stimulated models in control/
periodontitis rats. n = 3. Scale bar, 300 pm (upper panel); Scale bar, 10 pm (lower panel). (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., no significance;
Con, control; Infla, Inflammation; BV/TV, bone volume fraction; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; Tb.Th, trabecular thickness.)
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Fig. 2. Inflammatory microenvironment promoted glycolysis of mechanically stretched periodontal osteoprogenitors. A-B. Quantification of GLUT1, HK2, PDK1, and
LDHA mRNA by qRT-PCR in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. C—D. Immunofluorescence image (C) and quantification
results (D) of p-PDHE1x in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. Scale bar, 100 pm. E. The lactate concentration of me-
chanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 4. F-J. Representative ECAR image (F) and quantification analysis of glycolysis (G), glycolytic
capacity (H), glycolytic reserve (I), non-glycolytic acidification (J) in mechanically stimulated PDLSCs/BMSCs and iPDLSCs /iBMSCs groups. n = 3. (**p < 0.01; ***p

< 0.001; ****p < 0.0001; n.s., no significance.)

stimuli. Despite a widespread increase in mitochondrial OXPHOS, pro-
ton leak-based results (Fig. 3H) indicated the absence of mitochondrial
damage events. Surprisingly, our findings indicated that the inflamma-
tory mechanical microenvironment could result in a simultaneous
augmentation of glycolysis and OXPHOS.

2.3. Effects of altered metabolic patterns on mechanically induced bone
remodeling during inflammation

The distinct contributions of enhanced glycolysis and OXPHOS in
mechanically induced bone remodeling were further explored. GNE-140
has been shown the specificity in targeting LDHA and LDHB to inhibit
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Fig. 3. Inflammatory microenvironment enhanced OXPHOS of mechanically stretched periodontal osteoprogenitors. A-B. The mitochondrial membrane potential
level by JC-1 staining (A) and its quantification results (B) by flow cytometry in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. Scale
bar, 100 pm. C. The ATP production of mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. D-E. Superoxide generation using DHE (D) and
its quantification results by flow cytometry (E) in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. F. The concentration of NAD", NADH,
NAD*/NADH in mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. PDLSCs/iPDLSCs groups: n = 3; BMSCs/iBMSCs groups: n = 4. G-K.
Representative OCR image (G) and quantification analysis of proton leak (H), basal respiration (), ATP- linked respiration (J), recovery respiration with FCCP (K) in

mechanically stimulated PDLSCs/BMSCs and iPDLSCs/iBMSCs groups. n = 3. (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., no significance.)

lactate secretion, consequently impeding fermentative glycolysis [33]. inflammatory mechanical microenvironment (Fig. 4B, D, E), indicating
Glycolysis suppression reduced cell proliferation even at low concen- the pro-osteogenic role of glycolysis in stretched iPDLSCs. However,
trations of GNE-140 (Fig. 4A), which demonstrated the glycolytic ne- glycolysis suppression resulted in a reduction of most osteogenic
cessity in performing basic cellular activities. Based on gRT-PCR and markers along with a decrease of the osteoclast-promoting factor RANKL
western blots assays, glycolysis inhibition impeded the osteogenic dif- in BMSCs within the inflammatory mechanical microenvironment

ferentiation and promoted osteoclastogenesis of PDLSCs within the (Fig. 4C-E). Nevertheless, the RANKL/OPG ratio showed a slight upward
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Fig. 4. Effects of altered metabolic patterns on mechanically induced bone remodeling during inflammation. A. Different concentrations of GNE-140 on cellular
proliferation activity in PDLSCs and BMSCs by CCK-8 assay. n = 3. B—C. mRNA quantification of ALP, RUNX2, COL-1, RANKL, OPG, and RANKL/OPG ratio by qRT-
PCR in mechanically stimulated iPDLSCs (B) and iBMSCs (C) groups with 10 pM GNE-140 induction. n = 3. D-E. Protein levels of ALP, RUNX2, and COL-1 by western
blot (D) and quantification by image J (E) in mechanically stimulated iPDLSCs and iBMSCs groups with 10 pM GNE-140 induction. n = 3. F. Different concentrations
of Visomitin on cellular proliferation activity in PDLSCs and BMSCs by CCK-8 assay. n = 3. G-H. mRNA quantification of ALP, RUNX2, COL-1, RANKL, OPG, and
RANKL/OPG ratio by qRT-PCR in mechanically stimulated iPDLSCs (G) and iBMSCs (H) groups with 20 nM Visomitin induction. n = 3. I-J. Protein levels of ALP,
RUNX2, and COL-1 by western blot (I) and quantification by image J (J) in mechanically stimulated iPDLSCs and iBMSCs groups with 20 nM Visomitin induction. n

= 3. (*p < 0.05; **p < 0.01; ***p < 0.001; ***

*p < 0.0001; n.s., no significance; Con, control; GEN, GEN-140; Viso, Visomitin.)
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trend due to greater inhibition of OPG expression (Fig. 4C). The Visomitin has been demonstrated to inhibit OXPHOS by reducing the
diminished pro-osteogenic effects of glycolysis in stretched iBMSCs OCR of ATP-linked respiration and recovery respiration with FCCP [34].
compared to stretched iPDLSCs might be attributed to the greater reli- Additionally, Visomitin was found to suppress the expression of COX4, a
ance of BMSCs on glycolysis for multiple differentiation and pivotal protein regulating the OXPHOS system, at both the transcrip-
functionality. tional and translational levels in periodontal osteoprogenitors
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(Additional file 1: Fig. S4A—D). Different from the results of glycolysis
inhibition, notable disparity in cell viability was absent when OXPHOS
was suppressed (Fig. 4F). The administration of the antioxidant Viso-
mitin down-regulated the release of osteoclast-related factors (Fig. 4G,
H) and promoted the expression of osteogenesis-related proteins (Fig. 41,
J) accordingly under inflammatory mechanical stimuli.

Based on these observations, we speculated that glycolysis facilitated
osteogenic differentiation in mechanically stretched periodontal osteo-
progenitors during inflammation, whereas OXPHOS impeded this
process.

2.4. Identification and validation of PGC-1a as a key regulator associated
with metabolic patterns to regulate the mechanically induced bone
remodeling

To investigate the underlying mechanism by which inflammation
regulated mechanically stimulated bone remodeling by modulating
metabolic patterns, the Reactome database was utilized to predict pro-
teins associated with stress, osteogenesis, and mitochondria. The Venn
diagram analysis revealed the intersection of PGC-1a and HDAC3 pro-
teins (Additional file 1: Fig. S3A). Considering the sensitivity of PGC-1a
to OXPHOS and its roles in inflammatory diseases [35], we speculated
that PGC-1a might modulate mechanically induced bone remodeling
through the shift of metabolic patterns.

The findings demonstrated that the expression of PGC-1a exhibited a
downward response to inflammatory mechanical stimuli in vitro
(Additional file 1: Fig. S3B—F). Consistently, a reduction of PGC-1la
expression was also shown in tissue sections from mechanically stimu-
lated rat models with periodontitis (Additional file 1: Fig. S3G, H).

To assess the impact of PGC-1a on bone homeostasis, siRNAs were
employed to suppress PGC-1a expression (Additional file 1: Fig. SSA-D).
The outcomes of ALP staining demonstrated that PGC-la reduction
exerted no substantial influence on intercellular mineralization during
the short-term osteogenic induction mediated by mechanical force
(Additional file 1: Fig. S6A). However, it significantly impeded miner-
alization in PDLSCs and BMSCs following a 7-day exposure to osteogenic
induction medium (Fig. 5A). Nevertheless, QRT-PCR and western blot
analyses revealed that PGC-1a knockdown decreased the expression of
osteogenesis-related markers and increased the production of osteo-
clastogenic factors even with the short-term stimuli of stretch (Fig. 5B-D;
Additional file 1: Fig. S6B—D). These findings suggested that PGC-1a
knockdown was unbeneficial to bone formation.

Metabolic indicators were subsequently measured following si-PGC-
la transfection. PGC-1a knockdown elevated oxygen consumption rate
(OCR) (Fig. 5E) of basal respiration (Fig. 5F), ATP-linked respiration
(Fig. 5G), recovery respiration with FCCP (Fig. 5H), and non-
mitochondrial oxygen consumption (Fig. 5I). The total ATP production
showed a corresponding increase (Fig. 5J). Furthermore, the suppres-
sion of PGC-1a up-regulated the NAD"/NADH ratio (Fig. 5K) and the
intracellular superoxide (Fig. 5L, M). The augmented mitochondrial
membrane potential (Additional file 1: Fig. S7A-E) and unaltered proton
leak (Additional file 1: Fig. S7F) substantiated the absence of mito-
chondrial damage, indicating the oxidative stress was independent of
mitochondrial dysfunction. Additionally, the glycolysis-related mRNAs
exhibited lower expression with si-PGC-1a transfection (Additional file
1: Fig. S8A, B). No significant differences were observed in ECAR of
glycolysis, glycolytic capacity, and non-glycolytic acidification between
the si-NC and si-PGC-1a groups (Additional file 1: Fig. S8C-E). These
demonstrated that PGC-1a knockdown redirected the cellular metabolic
profile towards OXPHOS to hinder mechanically induced osteogenesis.

2.5. PGC-1a overexpression promoted glycolysis to rescue inhibited bone
remodeling within the inflammatory mechanical microenvironment

We next evaluated whether overexpressed PGC-1a could alleviate
the inhibition of bone remodeling within inflammatory mechanical

Bone 185 (2024) 117132

microenvironment by metabolic regulation. The overexpression efficacy
of PGC-1a was confirmed via qRT-PCR and western blot assays (Addi-
tional file 1: Fig. S9A-E). Compared to the ov-NC groups, ov-PGC-1a
transfection markedly reversed the osteogenic markers expression and
decreased the osteoclast promoting of inflammatory periodontal osteo-
progenitors with 24-h mechanical stimulation (Fig. 6A-F). Although
stretched ov-PGC-1a groups did not result in any significant changes in
either ALP protein levels (Fig. 6C-F) or ALP activity (Additional file 1:
Fig. S10A, B), the mineralization of inflammatory PDLSCs (iPDLSCs), as
assessed by ALP staining, showed a noteworthy enhancement following
a 7-day induction with osteogenic medium (Fig. 6G). Interestingly, the
mineralization of induced iBMSCs displayed no significant alteration
(Additional file 1: Fig. S10C), potentially attributable to the inherent
variability in cellular responses to osteogenic indicators among different
cell species.

Consistent with our initial hypothesis, PGC-1a overexpression led to
an increase in the expression of glycolysis-related genes during inflam-
mation (Fig. 6H, I), as well as an elevation in ECAR (Fig. 6J) pertaining
to glycolysis (Fig. 6K), glycolytic capacity (Fig. 6L) and glycolytic
reserve (Fig. 6M). Intriguingly, the onset of glycolysis did not result in an
extracellular acidic microenvironment (Additional file 1: Fig. S11I;
Fig. 7G). Additionally, a general decrease or meaningless change of OCR
values (Additional file 1: Fig. S11C —H) was detected in the ov-PGC-1a
groups. Correspondingly, ov-PGC-1a transfection resulted in a decrease
in total ATP production (Fig. 6N), as well as a suppression of oxidative
stress indicators such as the NAD'/NADH ratio (Fig. 60) and the
intracellular superoxide (Fig. 6P, Q). Notably, PGC-1a overexpression
also corresponded to an augmentation in mitochondrial membrane po-
tential (Additional file 1: Fig. S11A, B) without any concurrent increase
in proton leak (Additional file 1: Fig. S11D), ruling out the possibility
that the altered metabolic pathway was caused by mitochondrial
dysfunction.

These implied that the restoration of impaired osteogenic potential
due to inflammatory mechanical signals through PGC-1a overexpression
was associated with an augmentation of glycolysis rather than OXPHOS.

2.6. PGC-1a regulated the glycolysis by modulating the transcription,
translation, and metabolite levels of LDHA

LDHA played a crucial role in glycolysis by altering the metabolic
pathway of pyruvate, a commonly found substrate in both glycolysis and
OXPHOS [28]. Therefore, we investigated whether the promotion of
glycolysis through PGC-1a overexpression was mediated by the inter-
action between LDHA and PGC-1a. The mRNA levels of LDHA displayed
the same variation tendency as PGC-1a (Additional file 1: Fig. S8A, B;
Fig. 6H, I). Nevertheless, PGC-1a overexpression had no effects on LDHA
promoter activity (Fig. 7A), suggesting the indirectness of transcription
modulation. The protein levels of LDHA also exhibited a similar pattern
of variation as that of PGC-1a (Fig. 7B-E).

Considering the potential counterproductive effects of lactate accu-
mulation produced by LDHA, we further examined the impact of sup-
pressed and overexpressed PGC-1a on lactate levels. The si-2 and si-3
sequences were selected for their more pronounced effects on bone
remodeling when evaluating the influence of PGC-1a knockdown. The
data showed that the shift towards OXPHOS due to PGC-1la inhibition
did not alter the extracellular lactate level (Fig. 7F). Surprisingly, the
occurrence of glycolysis caused by PGC-1a overexpression resulted in a
decrease in lactate efflux (Fig. 7G) and an elevation in LDH activity
(Fig. 7H), without the unfavorable acidification caused by lactate
accumulation. These implicated PGC-1a could regulate LDHA through
multiple mechanisms, including transcription, translation, and metab-
olite activities.

However, the way that PGC-la regulated LDHA in a content-
dependent manner could not explain the glycolysis promotion in the
inflammatory mechanical environment. Interestingly, protein-protein
docking analysis (Fig. 7I) and co-immunoprecipitation assays (Fig. 7J)
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revealed a stable binding between PGC-1la (purple) and LDHA (blue).
This binding was found to be enhanced by inflammatory mechanical
stimuli (Fig. 7K, L), which might stabilize and activate LDHA [36-38],
thereby facilitating osteoprotective glycolysis to some extent.

2.7. LDHA inhibition largely eliminated the bone repair effect of
overexpressed PGC-1a within the inflammatory mechanical
microenvironment

To demonstrate that the interaction of PGC-la with LDHA was
involved in bone remodeling, LDHA was suppressed (Additional file 1:

Fig. S12A-D) while PGC-1a was overexpressed simultaneously during
inflammation. Osteogenic markers of stretched iPDLSCs in the ov-PGC-
la + si-LDHA group were downregulated compared to those in the ov-
PGC-1a + si-NC group (Fig. 8A, C, E, G). In addition, si-LDHA inhibition
increased the RANKL/OPG ratio through lower levels of OPG, but un-
affected levels of RANKL (Fig. 8C). Similarly, in PGC-1a-overexpressed
stretched iBMSCs, although LDHA knockdown did not significantly
impact ALP enzymatic activity (Fig. 8B) and ALP mRNA level (Fig. 8D),
it suppressed the protein level of ALP, as well as the gene and protein
levels of RUNX2 and COL-1 (Fig. 8D, F, H). Additionally, while LDHA
knockdown inhibited RANKL expression in PGC-la-overexpressed
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interpretation of the references to color in this figure legend, the reader is referred

stretched iBMSCs, the RANKL/OPG ratio showed a slight upward trend
due to greater inhibition of OPG expression (Fig. 8D). Despite the
cellular variability in osteogenic marker performance, the positive effect
of LDHA on osteogenesis was well established.

In light of this, our findings suggested that LDHA knockdown
inhibited osteogenesis and largely promoted osteoclastogenesis of

10

to the web version of this article.)

periodontal osteoprogenitors overexpressing PGC-la within the in-
flammatory mechanical microenvironment. Hence, LDHA inhibition
largely eliminated the “bone repair” effect of PGC-1a overexpression
within the inflammatory mechanical microenvironment.

Descargado para Eilyn Mora Corrales (emoracl7@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en agosto 09,
2024. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.



J. Liu et al.

iPDLSCs-osteoinduction

Bone 185 (2024) 117132

iBMSCs-osteoinduction

ov-PGC-1a+si-LDHA
(L TFR L

i

o W, 5: 4
Cc
. 5 ov-PGC-1a+si-NC
% * ov-PGC-1a+si-LDHA
@ 44 =3
o
o n
x
09 3
s3° {
xa oS
€' 2 ‘[
o~ P an g
2 = == um s
5 14~ T i I N T
g - _ .
8 .
0
v ')I, T T
R
S W
S S &
stretched-iPDLSCs
ov-PGC-1a  + +
si-NC + =
si-LDHA - +
COL-1 /MM 180kDa
ALP Wl S 75(0a

runxz [N 5702

ACTB S W 42kDa

iPDLSCs

F stretched-iBMSCs
T — -stretched

ov-PGC-1a  + +
si-NC
si-LDHA - + g
coL-1 N 150kDa
ACTB |4 S 12kDa
ALP W% s 75kDa
RUNX2 [ 57kDa

ACTB (s s 42kDa

+ -

ov-PGC-1a+si-NC
ov-PGC-1a+si-LDHA

ov-PGC-1a+si-LDHA

iBMSCs-stretched

D

g = ov-PGC-1a+si-NC
S et
@ NS wawe DS ” I ov-PGC-1a+si-LDHA
o = ol =

G104 1T T T T T T

00 T

$2 T T

xo

€

£ 05

2

®

o}

['4

iBMSCs
-stretched

ov-PGC-1a+si-NC
ov-PGC-1a+si-LDHA

Fig. 8. LDHA inhibition largely eliminated the bone repair effect of overexpressed PGC-1a within the inflammatory mechanical microenvironment. A. The ALP
staining of iPDLSCs based on rescue test for 7-day osteogenic induction. n = 3. Scale bar, 500 pm. B. The ALP staining of iBMSCs based on rescue test for 7-day
osteogenic induction. n = 3. Scale bar, 500 pm. C—D. mRNA quantification of ALP, RUNX2, COL-1, RANKL, OPG, and RANKL/OPG ratio by qRT-PCR in me-
chanically stimulated iPDLSCs (C) and iBMSCs (D) groups based on rescue test. n = 3. E-H. Protein levels of ALP, RUNX2, and COL-1 by western blot (E, F) and
quantification by image J (G, H) in mechanically stimulated iPDLSCs/iBMSCs groups based on rescue test. iPDLSCs groups: n = 3; iBMSCs groups: n = 5. (*p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., no significance.)

3. Discussion

Cells and their microenvironments are in a dynamic state of me-
chanical reciprocity [39]. Thus, tissue remodeling in the inflammatory
microenvironment is stimulated by both chemical and mechanical fac-
tors. Nevertheless, such mechanical dynamics have rarely been consid-
ered. As a key feature of cellular response to inflammatory mechanical
stimuli [14], metabolic reprogramming confers a higher energy state to
the cells and participates in tissue remodeling by immune cells and stem
cells [22,40]. The study of the rationale of metabolic reprogramming in
the inflammatory mechanical microenvironment is beneficial for the
development of effective drugs to promote tissue reconstruction.
Therefore, this work focuses on the glucose metabolic fluxes alterations
and their bone remodeling effects in periodontitis under mechanical
force. Based on this foundation, the target molecules impacting bone
remodeling through orchestrating glycolysis and OXPHOS are further
identified and explored. Collectively, this study holds substantial im-
plications for the comprehension of tissue remodeling by metabolic
mechanisms in inflammatory diseases within mechanical environments.

According to the findings of our investigations, the inflammatory
microenvironment compromised the mechanically induced osteogenesis
of periodontal osteoprogenitors, with the release of osteoclast-related
active factors. Interestingly, the changes in ALP protein and activity
(Additional file 1: Fig. S2C, D) were comparatively less prominent.
Although ALP is an early osteogenic differentiation marker secreted by
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stem cells [41], its protein activity is predominantly observed on day 3
or day 7 [42,43]. However, the material specificity of the Flexcell amino
silicone-bottomed plates limits the duration of force application. Hence,
insignificant changes in ALP protein in vitro may be due to the insuffi-
cient duration of 24-h mechanical stimulation to induce its expression.
Additionally, different from previous studies [44,45], cell proliferation
showed no response to inflammatory mechanical stimuli, suggesting
that mechanical force intervention might influence the outcome of the
inflammatory response. The findings in vivo revealed a heightened
osteoporotic characteristic in mechanically stimulated rats during the
stable periods of periodontitis, consistent with the results in vitro.
Notably, the formation of collagen fibers (Additional file 1: Fig. S2J) and
the bone volume fraction (Fig. 1J) were not significantly compromised
by inflammatory mechanical stimuli. This implies the necessity of
periodontitis treatment prior to mechanical force application, which
may partially reduce the inflammation-induced bone loss during the
active phase [46]. For inflammatory diseases similarly within mechan-
ical environments, this also suggests that inflammation control is a
prerequisite for tissue regeneration applications.

The process of bone remodeling in response to mechanical force
necessitates a substantial expenditure of energy, which is provided by
the primary energy supply pathways of glycolysis [28] and OXPHOS
[47]. Thus, we posited that changes in osteogenic potential in stretched
periodontal osteoprogenitors were associated with altered metabolic
patterns. Intriguingly, we found that the inflammatory mechanical
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stimuli elicited a dual enhancement of both metabolic modes. This
observation prompted us to contemplate whether these two metabolic
modes acted antagonistically or synergistically in mechanically stimu-
lated bone remodeling. Following the administration of inhibitors to
regulate metabolic pathways, our findings indicated that glycolysis
exhibited a greater propensity towards promoting osteogenesis, whereas
OXPHOS showed a somewhat adverse effect on osteogenesis. This
implied that the heightened OXPHOS during inflammation led to the
inhibition of mechanically stimulated bone remodeling, while the
augmented glycolysis during inflammation might represent an adaptive
response to evade the potential harms of OXPHOS. Similarly, glycolysis
functioned as a metabolic adaptation to enhance the resistance of
vascular smooth muscle cells to oxidative stress [48]. However, the
adaptive upregulation of glycolysis in cancer cells primarily served the
purpose of synthesizing precursors necessary for their rapid prolifera-
tion [49]. Interestingly, compared to the pro-osteogenic effects of
glycolysis in the non-inflammatory mechanical environment [28], the
bone-promoting function of glycolysis does exist but seems to be
diminished in the inflammatory mechanical environment. This implies
that the metabolic modes and mechanisms in the inflammatory me-
chanical microenvironment are different from those in the non-
inflammatory mechanical microenvironment. In addition, the down-
regulation of RANKL in iBMSCs after glycolysis inhibition not only
suggests that osteoclastic differentiation of iBMSCs is more dependent
on glycolysis, but also may indicate an intermediate state of glycolysis,
which initiates a transition from a protective to a destructive impact.
These suggest that the metabolic shift of early glycolysis could be ad-
vantageous for osteogenesis. However, when lactate accumulated
beyond a certain threshold, the acidic microenvironment of late
glycolysis might be counterproductive to bone remodeling [50].
OXPHOS occurs within the mitochondria. PGC-1la, a molecule
responsible for mitochondrial biogenesis and highly sensitive to
OXPHOS [51], plays a crucial role not only in the regeneration of tissues
such as vasculature [52], muscle [53], and nerves [54] by modulating
cellular metabolism, but also in the pathogenesis of various inflamma-
tory metabolic disorders, including neuritis [55], nephritis [56], and
osteoarthritis [57]. These observations combined with database
screening results have motivated us to conduct a mechanistic investi-
gation on the role of PGC-1a in the inflammatory mechanical environ-
ment. Our findings revealed that PGC-la knockdown impeded
mechanically stimulated osteogenesis through augmented OXPHOS.
Conversely, PGC-1a overexpression rescued the impaired osteogenic
potential within inflammatory mechanical environments by enhanced
glycolysis. While the osteogenic role of PGC-1a aligned with previous
studies [57,58], the promotion of glycolysis by PGC-1a differed from the
majority of literature, which suggested that up-regulated PGC-1a facil-
itated OXPHOS [51,59]. This discrepancy might stem from the speci-
ficity of the complex microenvironment composed of inflammation and
mechanical force. Therefore, we hypothesized that PGC-la might
modulate the rate-limiting enzyme LDHA, which promoted the initiation
of glycolysis. Despite the predominant nuclear localization of PGC-1a, it
was plausible that post-translational modifications might influence the
cellular distribution of PGC-1a [60], thereby facilitating its interaction
with LDHA. Significantly, we demonstrated that the overexpression of
PGC-1a led to an enhancement of LDHA in glycolysis but a reduction in
lactate production. This raises a possibility that cells might possess the
capacity for metabolic waste disposal during the early stages of glycol-
ysis, potentially associated with lactate shuttling [61]. This phenome-
non also explains why mitochondrial membrane potential and LDH
activity are heightened in PGC-1a overexpressed cells, where glycolysis
dominates and OXPHOS exits. The regulation of PGC-1a on LDHA in a
content-dependent manner explains the enhanced OXPHOS induced by
the decreased PGC-1a in the inflammatory mechanical environment. In
addition, the increased binding between PGC-la and LDHA in this
environment might also enhance glycolysis in a protein-activated
manner to resist OXPHOS effects to some extent. Nevertheless, the
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upregulation of LDHA mRNA and elevated lactate levels indicates the
presence of additional factors influencing glycolysis in this environment,
which deserves further investigation.

Despite recent advancements in metabolic research, the utilization of
metabolic treatment in chronic inflammatory diseases within mechani-
cal environments remains nascent, primarily due to the heterogeneity of
cellular metabolic reactions to inflammatory ailments. Our findings
demonstrated the osteogenic functions of metabolic patterns and the
mechanism of metabolic regulation based on PGC-1a-LDHA interactions
in periodontal osteoprogenitors with inflammatory mechanical stimuli.
However, it should be noted that periodontal osteoprogenitors in bone
remodeling are not isolated entities, as a reciprocal communication
exists between PDLSCs and BMSCs [62]. The current investigation pri-
marily examines their individual response to inflammatory mechano-
transduction, and the forthcoming research will concentrate on
elucidating the interplay between the two.

4. Conclusions

Altogether, we demonstrate a previously unexplored link between
metabolic patterns and their bone remodeling functions in periodontal
osteoprogenitors with inflammatory mechanical stimuli. Our observa-
tion that PGC-1a-LDHA interaction promotes glycolysis to alleviate the
inhibition of bone remodeling within inflammatory mechanical micro-
environments provides insights into the molecular mechanisms that
integrate metabolism with gene regulation to dictate cell differentiation.
This may present a novel metabolic therapeutic strategy for guiding
tissue remodeling in inflammatory diseases within mechanical
environments.

5. Materials and methods
5.1. Isolation and identification of cells

All experiments involving periodontal tissues in this study were
approved by the Medical Ethical Committee of School of Stomatology,
Shandong University (No. 20210140). All donors (13 donors; aged
13-20 years; without systemic disease, caries, or periodontitis) or their
guardians signed an informed consent form with the content that the
teeth were extracted for research purposes. All experiments involving
animal tissues in this study were also ethically validated (No. 20200709)
by the Committee on the Ethics of Animal Experiments of Shandong
University. PDLSCs and BMSCs were isolated and cultivated as previ-
ously reported [28,63]. Briefly, the PDL tissue was scraped from the
middle third of the root surface and seeded into flasks. The mandibular
tissues from ten 4-week-old rats (male) were dissected and treated with
collagenase I (3 mg/ml, Solarbio, Beijing, China) and dispase II (4 mg/
ml, Roche, Shanghai, China) at 37 °C for 1 h. The tissue pieces were then
incubated in a-MEM containing 20 % fetal bovine serum until the pri-
mary cells migrated from PDL and mandibular tissue pieces. PDLSCs and
BMSCs at passages 2-5 were employed in the subsequent studies. Their
stemness was confirmed by flow cytometric analysis and multiple dif-
ferentiation potential as previously described [63].

5.2. Cell pretreatment

Mechanical force was applied to promote osteoblast differentiation.
PDLSCs and BMSCs were seeded on Flexcell amino silicone-bottomed
plates at 2 x 10° cells/well. Since gentler mechanical force was
preferred in periodontitis patients, a mechanical stimulation with 8 %
elongation, 0.1 Hz for 12-24 h was performed by Flexcell® FX-5000TM
Tension System (Flexcell International Corp., Burlington, USA) to
establish osteogenic conditions when cell density reached 90 % [7].
Cells cultured with a-MEM medium containing 10 % fetal bovine serum
served as the control group, while cells cultured with medium supple-
mented with 10 ng/ml TNF-a (Peprotech, Shanghai, China) were set as
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the inflammatory group. When the osteogenic response was insensitive
to the mechanical stimulation, cultivate cells with osteogenic induction
medium supplemented with 50 pg/ml vitamin C (Sigma-Aldrich, St.
Louis, USA), 10 mM p-glycerophosphate disodium salt hydrate (Sigma-
Aldrich, St. Louis, USA), and 0.1 pM dexamethasone (Sigma-Aldrich, St.
Louis, USA). To inhibit cellular glycolysis, cells were pretreated with
GNE-140 [33] (10 pM, MedChemExpress, Shanghai, China) for 12 h. To
suppress cellular oxidation, cells were preincubated with Visomitin [34]
(20 nM, MedChemExpress, Shanghai, China) for 2 h. Subsequently,
mechanical loading was carried out to observe the effects of different
metabolic modes on cellular osteogenic capacity.

5.3. Cell transfection

PDLSCs and BMSCs were plated at an initial density of 2 x 10° cells
per well. When cell confluence reached 70 %-80 %, the following
treatments were performed.

5.3.1. si-RNA transfection

The si-NC or si-PGC-lo/si-LDHA (Hanheng Biology, Shanghai,
China) was diluted to 50 nM with opti-MEM (Gibco, CA, USA) and mixed
with 1lip2000 (Thermo Fisher Scientific, Massachusetts, USA) working
solution. After standing for 20 min, the mixture of siRNA-lipo2000
complex was added to cells and incubated at 37°C and 5 % CO;, for 1
h. Subsequently, cells were cultured under mechanical force for 24 h.
The sequences of siRNAs were listed in Additional file 4: Supplementary
Table 1.

5.3.2. Lentiviral transfection

Half-volume infection was utilized as a method to complete trans-
fection. Cells were infected with ov-NC or ov-PGC-1a (Hanheng Biology,
Shanghai, China) at 3 multiplicity of infection with the assistance of
polybrene (4pg/ml). After 4 h of infection with a half-volume mixture,
the medium was replenished to the full culture volume. The culture
medium was then replaced with a virus-free culture medium after 24-h
transfection. The plates were incubated at 37 °C for another 24 h. The
medium was supplemented with 10 ng/ml TNF-« prior to the applica-
tion of mechanical stimuli.

5.4. gRT-PCR

Total RNAs were extracted from samples firstly. 1pg of RNA was
reverse transcribed using the Evo M-MLV RT Kit (Accurate Biology,
Changsha, China). The generated cDNA was amplified and analyzed
through qRT-PCR system (LightCycler® 96 SW 1.1, Roche Ltd.,
Switzerland) using the SYBR® Green Premix Pro Taq HS qPCR Kit
(Accurate Biology, Changsha, China). Reactions were performed in
triplicate and normalized to B-actin or GAPDH as indicated. The primer
sequences for qRT-PCR were shown in Additional file 4: Supplementary
Table 2.

5.5. Western blots

Samples were first subjected to protein extraction, lysis, and dena-
turation. The denatured proteins were subsequently electrophoresed,
transferred, and incubated overnight with the following antibodies
depending on different experimental purposes: anti-GAPDH (1:10000,
10494-1-AP, Proteintech, Wuhan, China), anti-ACTB (1:10000,
20536-1-AP, Proteintech, Wuhan, China), anti-RUNX2 (1:500,
SD208-0, Huaan Biotechnology), anti-ALP (1:500, SA40-00, HuaBio,
Hangzhou, China), anti-COL-1 (1:1000, 14695-1-AP, Proteintech,
Wuhan, China), anti-LDHA (1:1000, ab52488, Abcam, MA, USA;
1:1000, 19987-1-AP, Proteintech, Wuhan, China), anti-PGC-1a (1:1000,
66369-1-1g, Proteintech, Wuhan, China), anti-COX4 (1:1000, 11242-1-
AP, Proteintech, Wuhan, China). The gray value of the blots was
calculated by Image J (NIH, Bethesda, USA) to quantify protein
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expression.
5.6. ALP staining

Following PBS rinses, the cells were fixed with 4 % para-
formaldehyde for 20 min. After washing again, ALP staining was per-
formed according to the protocol of BCIP/NBT Alkaline Phosphatase
Color Development Kits (Sigma-Aldrich, St. Louis, USA; Beyotime,
Shanghai, China).

5.7. Cell counting kit-8 (CCK-8) assay

Cell proliferation activity was evaluated by CCK-8 assay kits (Bio-
sharp Life Sciences, Anhui, China). Briefly, the CCK-8 solution was
mixed with a-MEM containing 10 % fetal bovine serum at a ratio of 1:10.
Subsequently, the initial medium was removed and the cells were
incubated with the mixture for 1 h at 37 °C with 5 % CO,. The Absor-
bance was measured and analyzed at 450 nm.

5.8. Cell cycle assessment

Trypsin-digested cells were washed once with PBS and immediately
resuspended and fixed with 70 % prechilled ethanol overnight at 4 °C.
The stoichiometric binding of propidium iodide to intracellular DNA
was assessed using DNA Content Quantitation Assay (Cell Cycle) Kits
(Solarbio, Beijing, China) and quantified by flow cytometry.

5.9. Immunofluorescence

Following the 20-min fixation with 4 % paraformaldehyde, cells
were permeated by 0.1 % Triton X-100 for 5 min and blocked with goat
serum for 30 min. The samples were subsequently incubated overnight
at 4 °C with the following antibodies: anti-p-PDH-Ela (1:400, #37115S,
Cell Signaling Technology, MA, USA), anti-PGC-1a (1:200, 66369-1-1g,
Proteintech, Wuhan, China). The next day, the rinsed samples were
hybridized with secondary antibodies conjugated with fluorochrome for
1 h at room temperature and protected from light. Afterwards, the nu-
cleus was counterstained by DAPI staining. Cellular images were visu-
alized through the Leica DMi8 microsystems (Lecia, Wetzlar, Germany).
Notably, due to the special configuration of the amino silicone-bottomed
plates, the maximum magnification of fluorescent images was limited to
20x.

5.10. Lactate assay

The supernatant was collected and reacted sequentially with enzyme
working solution and chromogen solution according to instructions of
the lactic acid assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The mixture was incubated at 37 °C for 10 min. After
the reaction was terminated, absorbance representing extracellular
lactate levels was measured at 530 nm optical density.

5.11. Intracellular ATP content assay

ATP levels were determined by the ATP assay kit (Beyotime,
Shanghai, China). Briefly, cells were lysed using the ATP detection
lysate. After centrifugation and aspiration of the supernatant, the ATP
detection working solution was added. The luminescence based on ATP
levels was detected by a luminometer. The calculated ATP concentration
was homogenized by the protein concentration of the ATP supernatant.

5.12. NAD'/NADH assay
The contents of NAD", NADH, and their ratio were measured

through an NAD"/NADH assay kit with WST-8 (Beyotime, Shanghai,
China). In brief, the cell lysates were centrifuged and the supernatant
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was aspirated. A portion of the supernatant was used as the substrate for
the determination of the total amount of NAD" and NADH. Another part
was heated at 60 °C for 30 min for the assessment of the concentrations
of NADH. According to the instructions, the supernatant was succes-
sively added with acetate dehydrogenase working solution and chro-
mogenic agent. Following incubation at 37 °C (protected from light), the
absorbance was detected at 450 nm optical density for further calcula-
tion and analysis.

5.13. Superoxide anion detection

Intracellular superoxide anion levels were detected by the fluores-
cent probe dihydroethidium (DHE) (Beyotime, Shanghai, China). The
stretched cells were rinsed twice with PBS and incubated with 5uM DHE
solution at 37 °C for 30 min, followed by trypsin digestion. Subse-
quently, the fluorescence intensity of the DHE probe was detected by
flow cytometry to evaluate the superoxide anion concentrations.

5.14. Mitochondrial membrane potential assay

Following PBS rinses, 1 ml of fresh media was added to the stretched
cells. According to the protocols of the mitochondrial membrane po-
tential assay kit with JC-1 (Beyotime, Shanghai, China), 1 ml of JC-1
dyeing working solution was subsequently added and incubated at
37 °C for 20 min. JC-1 staining buffer (1 x) was then employed to wash
samples twice. Afterwards, they were visualized by immunofluorescence
microscopy or quantified with flow cytometry. Notably, due to the
special configuration of the amino silicone-bottomed plates, the
maximum magnification of fluorescent images was limited to 20x.

5.15. Measurement of ECAR and OCR

The ECAR and OCR of the cells were measured through a Seahorse XF
96 device (Agilent Technologies, CA, USA). Briefly, stretched cells after
trypsin digestion were seeded in microtiter plates at 3000 cells/well and
incubated overnight with 80 pl of culture medium under different con-
ditions. The following day, microplates were maintained at 37 °C in
CO»-free incubators for 1 h prior to measurement. Subsequently, glucose
(10 mM), oligomycin (1 pM), and 2-deoxy-p-glucose (2-DG) (50 mM)
were sequentially injected during ECAR detections according to the
manufacturer’s instructions. Oligomycin (1.5 pM), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, 1 pM), and rotenone/anti-
mycotic (Rot/AA, 0.5 pM) were injected successively during OCR de-
tections based on the manufacturer’s protocols. Respiratory parameters
were recorded and calculated following each injection. The obtained
OCR and ECAR values were normalized by cell number.

5.16. Luciferase activity assay

Due to the absence of the regular binding site of PGC-1a to the LDHA
promoter in the database, the construction of the LDHA promoter
plasmid (Abiotech, Jinan, China) was limited to exclude the mutant
plasmid. 293 T cells were inoculated in 24-well plates at 2.5 x 10° cells/
well. Following cell attachment, lip2000 was utilized to assist in the
transfection of the LDHA promoter plasmid (2 pg/well). After 24 h in
culture, cells were virally transfected as described above to overexpress
PGC-1a.

The luciferase activities of promoters were assessed by the duo-lite
luciferase assay system (Vazyme, Nanjing, China). Briefly, 500ul of
duo-lite luciferase reagents were added to the samples and left disrupted
at room temperature for 10 min to detect firefly luminescence. Subse-
quently, the reaction was terminated by 500ul of duo-lite stop & lite
reagents. After incubation for another 10 min, renilla luminescence was
measured. The promoter luciferase activity was calculated by the ratio
of firefly luminescence to renilla luminescence.
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5.17. Protein-protein docking

The crystal structures of PGC-1a and LDHA were retrieved from the
PDB database. The obtained protein crystals were preprocessed using
the protein preparation wizard module of Schrodinger software. Sub-
sequently, the processed proteins were subjected to protein-protein
docking. A lower docking score represented a lower free energy of
ligand-receptor binding and a higher binding stability. The chains of the
interacted protein-protein complexes with the lowest scores were
labeled with different colors, following by the supplement of surface to
show a 3D view. In addition, the protein interaction analysis module was
used to determine the specific binding regions. The scores of different
docking sites and the amino acid sequences of the most stable docking
site were presented in Additional file 2 and Additional file 3.

5.18. Co-immunoprecipitation

1 ml of pre-cooled IP lysate was added to per dish with 90 %-100 %
cell density. The lysate supernatant after centrifugation was collected
and divided into three parts. One part of the protein solution was sub-
jected to sonication and denaturation according to the western blots
procedures. The other two parts were treated with protein A/G magnetic
beads (MedChemExpress, Shanghai, China) to pull down proteins bound
to IgG and PGC-1a (1:50, 66369-1-1g, Proteintech, Wuhan, China). The
obtained immunoprecipitation complexes were further denatured using
1x SDS-PAGE loading buffer. Inmunoprecipitated proteins were then
analyzed by western blots to determine the binding effect between PGC-
la and LDHA.

5.19. LDH activity assay

According to the manufacturer’s procedure of the lactate dehydro-
genase assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), the matrix buffer, coenzyme I working solution, 2,4-dinitrophe-
nylhydrazine, and 0.4 M NaOH solution was successively added to the
lysed samples. After adequate reaction, the absorbance based on intra-
cellular LDH activity was detected at 440 nm optical density.

5.20. Establishment of the rat models

Five male Wistar rats (Weitong Lihua Experimental Animal Tech-
nology Co. Ltd., Beijing, China) were randomly selected for further
treatment. Periodontitis was induced through ligature protocol and LPS
injections around the left first mandibular molars of rats for two weeks.
Afterwards, the ligature was removed from the affected teeth, followed
by supragingival scaling, hydrogen peroxide rinsing, and adjunctive
treatments (metronidazole and amoxicillin; Macklin, Shanghai, China)
[64]. After a 1-week recovery, 15 g stretched force was applied to the
affected and contralateral first molars by nickel-titanium coiled springs
(TOMY, Fukushima, Japan) for 7 days as previously reported [65].

5.21. Micro-CT scanning

The harvested rat mandibles were fixed with 4 % paraformaldehyde
for 24 h and immersed in 75 % ethanol solution prior to microCT
(Quantum GX2, PerkinElmer, Shelton, Connecticut, USA) scanning. The
scanning settings were performed using standard acquisition protocols
(90 kV, 88 pA, and 72 pM voxel size). Data analysis was calculated by
CTAn (Skyscan, Bruker, Billerica, MA, USA) to evaluate the bone volume
fraction, trabecular number, trabecular thickness, and trabecular
pattern factor levels on the tension side of the first molar.

5.22. Staining of rat tissue sections

Mandibles with rat molars were decalcified, embedded, cut, and
deparaffinized sequentially. The obtained tissue sections (5-pm thick)
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were stained as the following described.

5.22.1. HE staining

HE staining was conducted according to the HE staining kit (Solar-
bio, Beijing, China). The tissue sections were successively stained with
hematoxylin for 2min, differentiated in differentiation solution for 5s,
and dealt with eosin for 2min. After rinsing with distilled water for 5
min, slices were gradient dehydrated and sealed with neutral gum.

5.22.2. TRAP staining

Tissue sections were immersed in 1 M Tris-HCI (pH 9.0) at 37 °C for
1 h. Subsequently, TRAP dye (JoyTech Biology, Shanghai, China) was
added dropwise to tissue blocks, and the slices were kept at 37 °C for
10-60 min until regions containing active TRAP on the pressure side
were stained red. The nuclear counterstaining was performed with he-
matoxylin. After water rinsing, the slices were left to air dry and sealed
with neutral gum.

5.22.3. Masson staining

Masson staining of mandible tissues was conducted according to the
instructions of the modified Masson’s trichrome stain kit (Solarbio,
Beijing, China). The slices were sequentially reacted with Masson dye
following the order of regents. After adequate reaction and water
rinsing, slices were gradient dehydrated and sealed.

5.22.4. Immunohistochemistry staining

Sodium citrate solution was utilized to immerse the dewaxed slices
for antigenic thermal repair. The slices were successively reacted with 3
% hydrogen peroxide solution for 15min, blocked with goat serum for
1h, and incubated with the following antibodies at 4 °C overnight: anti-
ALP (1:100, SA40-00, HuaBio, Hangzhou, China) and anti-PGC-la
(1:50, 66369-1-lg, Proteintech, Wuhan, China). The next day, staining
was visualized through DAB working solution for 10 s, followed by
counterstaining with hematoxylin for 2 min. The level of antigen
expression was quantified through ImageJ.

5.23. Statistical analysis

All collected data obeyed normal distribution and was presented as
mean =+ standard deviation (SD). Statistical analysis was performed via
GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, USA). The
comparison between two groups was conducted using Student’s t-test.
The calculation from three or more groups was determined with one-
way analysis of variance (ANOVA). A significance level of P < 0.05
was accepted. The exhibited error bars denoted SD of at least three
replicates unless indicated.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2024.117132.
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