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Introduction 

 

All cells require energy to maintain their physiological functions. 

Adenosine triphosphate (ATP), an organic molecule obtained upon the 

breakdown of energy substrates such as glucose, fatty acids (FAs), and amino 

acids, releases energy to fuel many cellular activities, including proliferation, 

inflammatory responses, and cytodifferentiation via multiple bioenergetic 

processes. For instance, increased ATP production is observed during the 

proliferation of fibroblasts, lipopolysaccharide (LPS)-induced inflammation 

via macrophage, and the cytodifferentiation of Th17 cells1-4. Similarly, 

osteoblasts require a large amount of ATP during their cytodifferentiation, and 

the total ATP production is increased for the synthesis of the matrix in calvarial 

pre-osteoblasts5,6.  

 

Typically, glucose is the primary energy substrate used to generate ATP 

and is transported to cells via the glucose transporter (GLUT) family. To 

generate ATP, glucose is converted to pyruvate for lactate-producing 

glycolysis and OXPHOS pathways7. OXPHOS can produce higher ATP levels 

compared to glycolysis. In addition to glucose, FAs and amino acids are used 

as energy sources for ATP production in the OXPHOS pathway as well8. FAs 

are primarily generated from the hydrolysis of lipids by lipases. Among 
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various lipases, a particular lipase functions depending on the types of lipids 

and their locations. For example, pancreatic lipase hydrolyzes dietary fats in 

the gut, and lipoprotein lipase hydrolyzes triglycerides (TGs) carried by 

lipoprotein molecules9,10.  

 

Lysosomal acid lipase (LAL) encoded by the lipase A (LIPA) gene 

functions in the lysosomes. It plays an important role in lipophagy, by 

hydrolyzing TGs and cholesteryl esters (CEs) in lipoproteins and lipid droplets 

(LDs) via the lysosomal-autophagic pathway to generate cholesterols and free 

FAs11.  These molecules can be further used to generate ATP via FA oxidation 

followed by one of the major metabolic pathways, oxidative phosphorylation 

(OXPHOS)12. LAL is important for bone metabolism and mineralization. 

Helderman et al. showed that the cortical bone volume at the femur diaphysis 

and the osteoblast number are reduced in mice with LAL knockout and that 

the risk of bone fracture was higher in humans with LAL deficiency13.  

 

Periodontal ligament (PDL) is a unique connective tissue located 

between the cementum and alveolar bone and demonstrates various functions, 

such as stabilization of teeth in the alveolar bone, providing sensory input to 

the masticatory system, and distribution of appropriate force in the periodontal 

tissue14. Furthermore, it comprises heterogeneous cell populations and plays 
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an important role as a reservoir of mesenchymal stem cells that can 

differentiate into hard tissue-forming cells, such as osteoblasts and 

cementoblasts15. Energy metabolism is involved in PDL cytodifferentiation. 

For instance, enrichment analysis of PDL cells demonstrated OXPHOS as the 

highly upregulated pathway during cytodifferentiation16. In addition, high 

glucose (HG) and FA supplements influence the PDL cytodifferentiation17-20. 

Hence, the regulation of the energy metabolism during PDL cytodifferentiation 

might be a novel strategy for stimulating periodontal regeneration21. 

 

Previously, we identified a LIPA single nucleotide polymorphism 

(SNP), LIPA SNP rs143793106, as a risk variant of aggressive periodontitis 

(AgP) in the Japanese population22. This SNP causes a missense mutation of 

the amino acid position, resulting in the reduction of intracellular and 

extracellular LAL activity. However, it is still unknown how this SNP alters 

the protein structure of LAL. Interestingly, this SNP mediates the 

downregulation of calcification-related gene expression levels, calcified 

nodule formation, and alkaline phosphatase (ALPase) activity in human PDL 

(HPDL) cells with LIPA SNP during their cytodifferentiation22. Hence, it 

shows a negative influence on the cytodifferentiation of HPDL cells. However, 

the mechanisms underlying the suppression of the cytodifferentiation of HPDL 

cells mediated by LIPA/LAL are still not fully elucidated. We hypothesized 
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that LIPA/LAL induces the cytodifferentiation of PDL cells by regulating 

cellular energy metabolism as LAL is involved in FA- oxidation-dependent 

ATP production. In this study, we aimed to investigate the mechanism 

underlying the regulation of cytodifferentiation of HPDL cells mediated by 

LAL in terms of energy metabolism. We elucidated that LAL supports the 

cytodifferentiation of HPDL cells by mediating the adequate energy through 

the OXPHOS-related bioenergetic pathway. 
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Materials and methods 

 

1. Reagents and cell lines 

A specific LAL inhibitor, Lalistat-2, was purchased from Sigma-Aldrich 

(St. Louis, MO). HPDL cells were purchased from Lonza (BioWhittaker, 

Basel, Switzerland). HPDL cells were cultured and maintained in α-modified 

Eagle's medium (α-MEM) (Wako, Osaka, Japan) supplemented with 10% fetal 

bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA). For the 

osteogenic induction of HPDL cells, the cells were cultured in α-MEM 

supplemented with 10% FBS, 50 μg/mL of L-ascorbic acid (Wako), and 5 

mmol/L of β-glycerophosphate (Sigma-Aldrich), as described previously23. 

 

2. Trypan blue exclusion 

HPDL cells were cultured in 12-well plates (1x105 cells/well) with 

Lalistat-2 at different concentrations (0–100 µM). Cell viability was assessed 

by trypan blue exclusion, as described previously24. Briefly, the cell suspension 

was mixed with trypan blue reagent (Wako) in a 1:1 (vol/vol) ratio, and the 

numbers of viable and dead cells were counted using a Countess II Automated 

Cell Counter (Thermo Fisher Scientific). 
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3. Cell proliferation assay 

Cell proliferation was analyzed using the bromodeoxyuridine (BrdU) 

incorporation assay. HPDL cells were seeded in 96-well plates (1x104 

cells/well) and incubated with different concentrations of Lalistat-2 (0–100 

µM). After 24 h of incubation, the BrdU incorporation assay was performed 

using a BrdU Cell Proliferation ELISA kit (Roche Applied Science, 

Mannheim, Germany) following the manufacturer’s instructions. Briefly, cells 

were labeled using the BrdU labeling solution (10 μL/well) for 2 h. After 

removing the labeling solution, cell fixation was performed using FixDenat 

(200 μL/well) for 30 min. Then, the cells were treated with an anti-BrdU-POD 

working solution (100 μL/well) for 90 min at room temperature. After washing 

the cells using a wash buffer, they were incubated with a substrate solution for 

15 minutes. After color development, the absorbance was measured at 450 nm 

to determine the BrdU incorporation ratio using a GloMaxÒ 96 Microplate 

Luminometer (Promega, Madison, WI). 

 

4. LAL and ALPase activity assay 

LAL activity was determined using a LysoLive Lysosomal Acid Lipase 

Kit (Abcam, Cambridge, UK) according to the manufacturer’s protocol. 

Briefly, HPDL cells were plated and incubated for 72 h. After washing the 

cells with 4 ºC phosphate-buffered saline (PBS) (Wako), 1 mL of α-MEM 
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containing 1 µL of LIPA substrate was added to the cells and incubated for 4 

h. Finally, HPDL cells were collected and suspended with Flow Holding and 

Sorting Buffer (Abcam) and analyzed by CytoFLEX S Flow Cytometer 

(Beckman Coulter, Brea, CA). The ALPase activity assay was performed as 

described previously25. Briefly, after washing the cultured cells with PBS, 500 

µL of Tris-HCl (pH 7.4) was added to the cells. The cells were sonicated for 

30 s on ice using the Handy-Sonic model UR-20P (TOMY, Tokyo, Japan). 

After centrifuging the sonicated cells, the supernatant was collected and 

analyzed by a microplate reader (BioRad Laboratories, Hercules, CA). 

 

5. Real-time PCR 

Total RNA was extracted from HPDL cells cultured in 12-well plates 

(1x105 cells/well) using Maxwell RSC simply RNA Cells/Tissue Kit 

(Promega) and treated with DNase I (Takara Bio, Shiga, Japan). To synthesize 

cDNA, the isolated RNA was reverse transcribed using a High Capacity RNA-

to-DNA kit (Applied Biosystems, Foster City, CA) according to the 

manufacturer’s instructions. Real-time PCR was performed using 

StepOnePlus Real-time PCR System (Applied Biosystems) with Power PCR 

SYBR Master Mix (Applied Biosystems) and gene-specific PCR primers 

(Table 1) (Fasmac, Kanagawa, Japan, and Thermo Fisher Scientific). The 

expression level of each gene was calculated as a relative ratio to the 
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expression level of the hypoxanthine phosphoribosyltransferase-encoding 

gene (HPRT), which is an endogenous control gene. 

 

Table 1．Gene-specific primers for real-time PCR 

Gene Primer sequence 

Lipase A (LIPA) F 5′-ACCTGGTCTGGAAACATAAGACAC-3′ 

R 5′-TGCCTTGAGAATGACCCACATAA-3′ 

Alkaline Phosphatase 

(ALPL) 

F 5'-GGACCATTCCCACGTCTTCAC-3' 

R 5'-CCTTGTAGCCAGGCCCATTG-3' 

Collagen Type I Alpha 1 

Chain (COL1A1) 

F 5'-CCCGGGTTTCAGAGACAACTTC-3' 

R 5'-TCCACATGCTTTATTCCAGCAATC-3' 

Hypoxanthine 

Phosphoribosyltransferase 

(HPRT) 

F 5'-GGCAGTATAATCCAAAGATGGTCAA-3' 

R 5'-GTCAAGGGCATATCCTACAACAAAC-3' 

Runt-related Transcription 

Factor 2 

(RUNX2) 

F 5′-CACTGGCGTGCAACAAGA- 3′ 

R 5′-CATTCCGGAGCTCAGCAGAATAA-3′ 

Sp7 Transcription Factor 

(SP7) 

F 5′-GCCATTCTGGGCTTGGGTA- 3′ 

R 5′-TGTGGCAGGGCCAGAGTCTA-3′ 
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Integrin Binding 

Sialoprotein (IBSP) 

F 5′-GGCCACGATATTATCTTTACAAGCA- 3′ 

R 5′-TCAGCCTCAGAGTCTTCATCTTCA-3′ 

ATP Synthase F1 Subunit 

Alpha (ATP5FA1) 

F 5′- ATGACGACTTATCCAAACAGGC- 3′ 

R 5′- CGGGAGTGTAGGTAGAACACAT-3′ 

Lactate Dehydrogenase A 

(LDHA) 

F 5′- AGCCCGATTCCGTTACCT- 3′ 

R 5′- CACCAGCAACATTCATTCCA-3′ 

Carnitine 

Palmitoyltransferase 1A 

(CPT1A) 

F 5′- CCAGACGAAGAACGTGGTCA- 3′ 

R 5′- ATCTTGCCGTGCTCAGTGAA-3′ 

Glucose Transporter 1 

(GLUT1) 

F 5′- CTGCTCATCAACCGCAAC- 3′ 

R 5′- CTTCTTCTCCCGCATCATCT-3′ 

F: Forward, R: Reverse 

 

6. Alizarin red staining 

Calcified nodule formation in HPDL cells in 12-well plates (1x105 

cells/well) was analyzed using a modified alizarin red staining protocol as 

described previously26. Briefly, after removing the cell supernatant, the cell 

layer was washed with PBS and fixed with 100% cold ethanol (Wako) for 15 

min. Then, the cell layer was washed with distilled water, stained with 1% 

Alizarin red S (pH 6.4) (Wako) for 5 min, and washed with distilled water. To 

quantify the amount of calcified nodules, the stained cell layer was scanned 
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with a scanner (EPSON GT-X970, EPSON, Nagano, Japan). ImageJ software 

(National Institute of Health, Bethesda, MD) was used for the analysis of the 

density of alizarin red-stained nodules.  

 

7. Induction of LD and starvation 

For LD induction, HPDL cells (5x104 cells) were cultured in a 35 mm 

dish and pre-loaded with 250 μM of oleic acid (OA) (adjusted from OA-

albumin derived from bovine serum, Sigma-Aldrich) overnight. For starvation, 

OA-loaded HPDL cells were cultured in the α-MEM without FBS and co-

treated with different concentrations of Lalistat-2 (0-100 μM) for 24 h. 

 

8. Confocal microscopy 

After osteogenic induction or starvation, the cells were fixed using 4% 

paraformaldehyde (Wako) and stained with 2 μM of BODIPY 493/503 

(Thermo Fisher Scientific) and 1 μM of 4′,6-diamidino-2-phenylindole (DAPI) 

(Sigma-Aldrich). A Leica TCS SP8 confocal microscope (Leica 

Microsystems, Wetzlar, Germany) was used to visualize the nucleus and LDs 

in the cells. ImageJ software was used for the analysis of LDs.  
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9. Metabolic analysis 

The metabolic phenotypes of HPDL cells were assessed using an XFp 

Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA) and 

machine-specific kits, including Seahorse XFp Real-Time ATP Rate Assay Kit 

(Agilent, Santa Clara, CA) and Seahorse XFp Cell Mito Stress Test Kit 

(Agilent). Briefly, cells were seeded in Seahorse XFp Cell Culture Miniplates 

(Agilent) (8x104 cells/well) and cultured in α-MEM supplemented with 10% 

FBS. One hour prior to the experiment, the medium was replaced with the 

assay medium (Seahorse XF DMEM Medium, pH 7.4 (Agilent) supplemented 

with 10 mM Seahorse XF Glucose (Agilent), 1 mM Seahorse XF Pyruvate 

(Agilent), and 2 mM Seahorse XF L-Glutamine (Agilent)). Then, the cells 

were incubated at 37 °C in a CO2-free atmosphere. Real-Time ATP Rate Assay 

Kit and Cell Mito Stress Test Kit were utilized according to the manufacturer’s 

instructions. For the Real-time ATP Rate Assay, basal oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR) were analyzed. Then, 

OCR and ECAR responses toward oligomycin (1.5 μM) and a combination of 

rotenone and antimycin (Rot/AA) (0.5 μM), which were administered via 

injections, were measured. For the Cell Mito Stress Test, OCR was analyzed. 

Next, OCR responses toward the application of oligomycin (1.5 μM), FCCP 

(2 μM), and Rot/AA (0.5 μM) were evaluated. Data were then analyzed using 
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online Agilent Seahorse Analytics (Agilent) and GraphPad Prism version 9.4.1 

(San Diego, CA). 

 

         10. Statistical analysis 

Student's t-test was used for comparing two groups, and one-way 

ANOVA was used for comparing three or more groups. The statistical 

significance was set at p < 0.05 for all statistical tests. Data were analyzed 

using GraphPad Prism version 9.4.1. 
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Results 

 

1. Lalistat-2 inhibited LAL activity and LD utilization in HPDL cells 

In this study, we used Lalistat-2, a LAL inhibitor, to analyze the 

involvement of LAL in the energy metabolism of HPDL cells during their 

cytodifferentiation with respect to mRNA expression, osteogenic phenotypes, 

and metabolic phenotypes, including LD utilization and bioenergetic profiles. 

To determine an appropriate concentration of Lalistat-2 in HPDL cells, we 

cultured HPDL cells with different concentrations of Lalistat-2 (0–100 µM). 

We then performed the LAL activity assay, the trypan blue exclusion, and the 

BrdU incorporation assay to analyze the effects of Lalistat-2 on the LAL 

activity, cell viability, and cell proliferation, respectively. We found that 

Lalistat-2 inhibited approximately 90% of LAL activity at concentrations of 

10 and 100 µM concentration (Fig. 1A). However, it (0–100 µM) did not affect 

cell viability and proliferation (Fig. 1B and C). To analyze the effect of 

Lalistat-2 on LD utilization, we induced LD formation in HPDL cells using 

oleic acids (OA), then we treated the cells with Lalistat-2 (0–100 µM) in the 

absence of FBS, representing the starving condition in order to induce the LD 

utilization. We observed the formation of LDs in OA-loaded HPDL cells, 

indicating successful induction of LD formation (Fig. 1D). The OA-loaded 

HPDL cells cultured in the medium containing 10% FBS, the control group 
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representing the physiological condition. HPDL cells treated with or without 1 

µM of Lalistat-2 showed significantly decreased LD counts compared to the 

control. In contrast, those treated with 10 and 100 µM of Lalistat-2 showed no 

significant differences in the remaining LDs, indicating that 10 and 100 µM of 

Lalistat-2 inhibited LD utilization in HPDL cells (Fig. 1D and E). Taken 

together, we found that 10 µM was the minimum concentration of Lalistat-2 

that showed effectiveness in HPDL cells. To avoid the non-specific inhibitory 

effects on HPDL cells, we used 10 µM of Lalistat-2 in further experiments. 
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Fig. 1 Lalistat-2 inhibited LAL activity and LD utilization in HPDL cells.  

HPDL cells were treated with Lalistat-2 (0–100 µM). 

(A) LAL activity in HPDL cells was measured by the LAL activity assay. The graph 

shows the relative ratios of LAL activity obtained by normalizing it to that of untreated 

HPDL cells. ***p<0.001, ****p<0.0001 compared to 0 µM of Lalistat-2  

(B) The cell viability was measured by the trypan blue exclusion assay.  

(C) The cell proliferation was measured by the BrdU incorporation assay. The graph 

shows the relative ratios of the BrdU incorporation of HPDL cells treated with Lalistat-2 

(0 - 100 µM) by normalizing to that of untreated HPDL cells.  

(A-C) Data represent the average and standard deviation (SD) (n=3). 
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(D) Fluorescent staining was performed to detect LDs in HPDL cells using 

BODIPY493/505.  The stained HPDL cells were imaged using a confocal microscope. 

Green: LDs (BODIPY493/505)  

Blue: nuclei (4′,6-diamidino-2-phenylindole (DAPI)). Scale bar: 25 µm  

(E) LD counts per cell in (D) were calculated by ImageJ. Data represent the average and 

SD (n=3). *p<0.05 compared to the control (LD induction in the media with 10% FBS) 

 

2. LIPA/LAL enhanced the cytodifferentiation of HPDL cells. 

To confirm the involvement of LIPA in the cytodifferentiation of HPDL 

cells, we performed the osteogenic induction without or with Lalistat-2 

treatment at a concentration of 10 µM. We then analyzed the mRNA 

expression levels of LIPA and calcification-related genes, including alkaline 

phosphatase (ALPL) and collagen type I alpha 1 chain (COL1A1) using real-

time PCR. The mRNA expression of LIPA was up-regulated in a time-

dependent manner as the expression of calcification-related genes was 

upregulated (Fig. 2). These results suggest the association of LIPA with the 

cytodifferentiation of HPDL cells. To further examine the involvement of LAL 

in the cytodifferentiation of HPDL cells, we performed the osteogenic 

induction of HPDL cells without or with Lalistat-2 treatment at a concentration 

of 10 µM. We then performed real-time PCR to assess the mRNA expression 

levels of calcification-related genes. Lalistat-2 significantly down-regulated 

mRNA expression of ALPL, COL1A1, and integrin-binding sialoprotein 
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(IBSP). In contrast, it showed no effect on the mRNA expression of runt-

related transcription factor 2 (RUNX2) and Sp7 transcription factor (SP7) (Fig. 

3A). We also performed the ALPase activity assay and alizarin red staining 

assay during the cytodifferentiation of HPDL cells. We found that Lalistat-2 

significantly decreased ALPase activity and calcified nodule formation (Fig. 

3B and C). These data indicate that LAL enhanced the cytodifferentiation and 

mineralization of HPDL cells. 

 

 

Fig. 2 LIPA mRNA expression was upregulated during the cytodifferentiation of 

HPDL cells. 

HPDL cells were cultured in the osteogenic medium for 20 days. The mRNA expression 

levels of LIPA (left), ALPL (middle), and COL1A1 (right) during the cytodifferentiation of 

HPDL cells were analyzed using real-time PCR. The expression of each gene was calculated 

as the relative ratio to that of HPRT (housekeeping control gene). Data represent the average 

and SD (n=4). ***p<0.001, ****p<0.0001 compared to day 0 
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Fig. 3 Lalistat-2 suppressed the cytodifferentiation of HPDL cells. 

HPDL cells were cultured in an osteogenic medium without or with Lalistat-2 at a 

concentration of 10 µM. 

(A) The mRNA expression levels of RUNX2, ALPL, COL1A1, SP7, and IBSP on day 7 of 

the cytodifferentiation of HPDL cells were measured using real-time PCR. The expression 

of each gene was calculated as the relative ratio to that of HPRT (a housekeeping control 

gene). Data represent the average and SD (n=3). 
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(B) Alkaline phosphatase (ALPase) activity was measured on day 10 of 

cytodifferentiation of HPDL cells. Data represent the average and SD, and dots represent 

each individual (n=3). 

(C) The calcified nodules were stained with alizarin red on day 21 of the 

cytodifferentiation of HPDL cells. The density of the calcified nodules was measured 

using ImageJ. The graph shows the relative ratio of the density of calcified nodules to that 

observed in the absence of Lalistat-2 (0 µM). Data represent the average and SD, and dots 

represent each individual (n=6). 

*p<0.05, **p<0.01 compared to Lalistat-2 (0 µM) 

 

3. LAL regulated OXPHOS-related genes during cytodifferentiation of 

HPDL cells. 

As aforementioned, the energy metabolism is indispensable for the 

cytodifferentiation into osteoblasts. To analyze the involvement of LAL in the 

energy metabolism pathway during the cytodifferentiation of HPDL cells at 

the mRNA level, we selected the representative genes of each bioenergetic 

pathway, including glucose transporter 1 (GLUT1) for glucose uptake, lactate 

dehydrogenase A (LDHA) for glycolysis, ATP synthase F1 subunit alpha 

(ATP5FA1) for OXPHOS and carnitine palmitoyltransferase 1A (CPT1A) for 

FA oxidation. We then performed osteogenic induction without or with 

Lalistat-2 at a concentration of 10 µM. Then, we performed real-time PCR 

experiments to assess the mRNA expression levels of those metabolism-
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related genes. We found that during cytodifferentiation of HPDL cells without 

Lalistat-2, the mRNA expression of ATP5FA1, GLUT1. and CPT1A was 

significantly up-regulated, whereas that of LDHA was down-regulated (Fig. 

4A). These results indicated the importance of FA oxidation and OXPHOS as 

the major energy production pathway during the cytodifferentiation of HPDL 

cells. In the presence of Lalistat-2, significant downregulation of ATP5FA1 

mRNA expression was observed during cytodifferentiation of HPDL cells. 

However, no significant effect of Lalistat-2 was observed on the mRNA 

expression of LDHA, GLUT1, and CPT1A (Fig. 4B). These results indicated 

that Lalistat-2 affected OXPHOS on day 7 of the cytodifferentiation of HPDL 

cells; however, it did not affect glucose uptake, glycolysis pathway, and FA 

oxidation at the mRNA expression level. On the basis of the results at the 

mRNA expression level, LAL was involved in the energy metabolism of 

HPDL cells. 
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Fig. 4 LAL regulated OXPHOS-related gene expression during the 

cytodifferentiation of HPDL cells. 

(A) HPDL cells were cultured in an osteogenic medium in the absence of Lalistat-2. The 

mRNA expression levels of ATP5FA1, LDHA, GLUT1, and CPT1A on day 0 and 7 of 

cytodifferentiation of HPDL cells were analyzed using real-time PCR. The mRNA 

expression of each gene was calculated as the relative ratio to that of HPRT (a 

housekeeping control gene). *p<0.05 compared to day 0  

(B) HPDL cells were cultured in an osteogenic medium without or with Lalistat-2 at a 

concentration of 10 µM. The mRNA expression levels of ATP5FA1, LDHA, GLUT1, and 

CPT1A on day 7 of the cytodifferentiation of HPDL cells were analyzed using real-time 

A

B

ATP5FA1 LDHA GLUT1 CPT1A
0.0

0.5

1.0

1.5

10

20

30

m
R

N
A

 e
xp

re
ss

io
n

Lalistat-2 (µM)
0
10

*

*

*

*

*

ATP5FA1 LDHA GLUT1 CPT1A
0.0

0.5

1.0

1.5

10

20

30

m
R

N
A

 e
xp

re
ss

io
n

Day
0
7



 22 

PCR. The mRNA expression of each gene was calculated as the relative ratio to that of 

HPRT. *p<0.05 compared to Lalistat-2 (0 µM) 

(A, B) Data represent the average and SD (n=3).  

 

4. LAL enhanced the OXPHOS pathway and supported the utilization 

of LDs and ATP production during cytodifferentiation of HPDL cells. 

We showed that LAL affected the OXPHOS pathway at mRNA levels 

during cytodifferentiation. Next, we further analyzed the involvement of LAL 

in LD utilization and ATP production in HPDL cells during their 

cytodifferentiation. We first performed osteogenic induction without or with 

Lalistat-2 at a concentration of 10 µM. To analyze the utilization of LDs during 

the cytodifferentiation of HPDL cells, we stained LDs on day 0, 3, and 7 of the 

cytodifferentiation of HPDL cells and performed confocal microscopy. The 

number of LDs was reduced on day 3 and 7 of the cytodifferentiation of HPDL 

cells compared to those observed on day 0, indicating that LDs were utilized 

during the cytodifferentiation of HPDL cells (Fig. 5A). These results suggest 

that FAs are required for the cytodifferentiation of HPDL cells. In contrast, a 

high number of LDs were observed in Lalistat-2-treated HPDL cells on day 3 

and 7 of the cytodifferentiation, indicating that Lalistat-2 inhibited LD 

utilization (Fig. 5A). These findings suggested that LAL supports the 

utilization of LDs for the synthesis of FAs followed by driving the OXPHOS 
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pathway for the cytodifferentiation of HPDL cells. Next, we measured the 

production rate of ATP synthesized via OXPHOS and glycolysis using the 

real-time ATP rate assay during the cytodifferentiation of HPDL cells with or 

without Lalistat-2. Without Lalistat-2, we observed a significantly increased 

production of ATP with OXPHOS, resulting in increased total ATP production 

in HPDL cells (Fig. 5B and D). This finding confirmed the importance of 

OXPHOS as a major energy production pathway associated with the 

cytodifferentiation of HPDL cells. We also observed a small but significant 

increase in ATP production from glycolysis on day 20 of the 

cytodifferentiation of HPDL cells (Fig. 5C), suggesting a possible role of 

glycolysis at the subsequent stage of the cytodifferentiation of HPDL cells. In 

contrast, Lalistat-2 significantly decreased the total ATP production rate on 

day 7 of the cytodifferentiation of HPDL cells, and the reduction was primarily 

attributed to the OXPHOS pathway (Fig. 5E). To analyze the OXPHOS-related 

parameters in detail, we further performed a Cell Mito Stress test to measure 

the basal oxygen consumption rate (OCR, an OXPHOS indicator), the baseline 

energetic demand of the cell, and the spare capacity, an ability of the cells to 

generate more ATP via the OXPHOS pathway in case of an increase in energy 

demand, during the cytodifferentiation of HPDL cells in the presence or 

absence of Lalistat-2. We found that Lalistat-2 mediated only a minor decrease 

in the basal OCR of HPDL cells, whereas a reduction in spare capacity was 
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observed (Fig. 5F and G). The result suggests that the Lalistat-2-treated HPDL 

cells were unable to generate additional ATP by OXPHOS during 

cytodifferentiation, which demands a lot of energy.  Collectively, these results 

revealed that LAL was necessary to support the OXPHOS-dependent ATP 

production required during the cytodifferentiation of HPDL cells. 
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Fig. 5 LAL enhanced the OXPHOS pathway and supported the utilization of LD and 

ATP production during cytodifferentiation of HPDL cells. 

(A) HPDL cells were cultured in an osteogenic medium without Lalistat-2. Fluorescent 

staining was performed to detect LDs using BODIPY493/505 on day 0, 3, and 7 of the 

cytodifferentiation of HPDL cells.  Then, the cells were imaged by confocal microscopy. 

Green: LDs (BODIPY493/505) and blue: nuclei (DAPI). Scale bar: 25 µm  

(B-D) The production of ATP during OXPHOS, glycolysis, and both pathways (total ATP 

production) on day 3, 7, and 20 of the cytodifferentiation of HPDL cells was measured 

using the real-time ATP rate assay. (B) ATP production rate associated with OXPHOS, 

(C) ATP production rate associated with glycolysis, and (D) total ATP production rate. 

Blue: ATP production rate associated with OXPHOS and yellow: ATP production rate 

associated with glycolysis. Data represent the average and SD, and dots represent each 

individual (n=3). 

*p<0.05, **p<0.01 compared to day 0 

(E) HPDL cells were cultured in an osteogenic medium without or with Lalistat-2 at a 

concentration of 10 µM. Total ATP production rate on day 7 of the cytodifferentiation of 

HPDL cells was measured using the real-time ATP rate assay. Data represent the average 

and SD, and dots represent each individual (n=3). Blue: ATP production rate associated 

with OXPHOS and yellow: ATP production rate associated with glycolysis. 

(F-G) HPDL cells were cultured in an osteogenic medium without or with Lalistat-2 at a 

concentration of 10 µM. The OXPHOS-related parameters including the basal OCR (F) 

and the spare capacity were measured (G) on day 7 of the cytodifferentiation of HPDL 

cells using the Cell Mito Stress assay. The graph shows the relative ratios of the 
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parameters to those of untreated HPDL cells. Data represent the average and SD, and dots 

represent each individual (n=3). 

*p<0.05, **p<0.01 compared to Lalistat-2 (0 µM)  
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Discussion 

 

In this study, we investigated the mechanism of the regulation of the 

cytodifferentiation of HPDL cells by LAL regarding energy metabolism. We 

examined osteogenic phenotypes, mRNA expression levels of calcification- 

and metabolism-related genes, and metabolic phenotypes. We found that LAL 

is involved in the energy metabolism of HPDL cells during their 

cytodifferentiation by supporting required OXPHOS-dependent ATP 

production. Furthermore, we revealed that OXPHOS is a major pathway 

providing energy for HPDL cells during their cytodifferentiation. Based on our 

findings, we propose that LAL is important for FA production and maintains 

the normal conditions of OXPHOS capacity to generate adequate ATP for the 

cytodifferentiation of HPDL cells. 

 

Despite limited evidence, a recent study reported that LAL is necessary 

for skeletal health and supports osteoblast differentiation via modulation of 

lipid metabolism. The negative effects on osteogenic differentiation and LD 

utilization were similarly observed in primary bone marrow stromal cells 

treated with LAL inhibitors and LAL-silenced calvarial osteoblasts. However, 

the effects of LAL inhibitors on mRNA expression of metabolic-related genes 

and metabolic phenotypes of osteoblasts have not been reported13. The most 
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recent study by Ji et al. showed that during the hyper-physiological condition 

of lipid, the LAL-dependent lipophagy was activated and restored osteoblast 

function of calvarial osteoblasts. In contrast, the supra-physiological 

condition-mediated lipophagy inhibited osteogenesis. These results emphasize 

the function of lipophagy in the cytodifferentiation into osteoblasts, and it 

implies that the effects of LAL in the cytodifferentiation are dynamic11. It was 

reported that impaired function of LAL can cause the bioenergetic alteration 

leading to the compromised capacity of osteoblasts during ATP-requiring 

activity13. Our finding supports this suggestion by revealing the 

downregulation of the OXPHOS-related gene and impaired OXPHOS capacity 

by Lalistat-2. The major energy production pathway used during osteoblast 

differentiation remains controversial. Muller et al. and Smith et al. suggested 

that OXPHOS is the major pathway providing energy for the 

cytodifferentiation of calvarial osteoblasts27,28, whereas some studies 

suggested the dominant role of glycolysis during cytodifferentiation29,30. This 

discrepancy is possibly caused by differences in cell types, stage of 

cytodifferentiation, available substrates, cell aging, oxygen concentration, and 

other microenvironments. In other words, the glycolysis and OXPHOS 

pathways may concurrently provide energy in different proportions to maintain 

a balance during various stages of cytodifferentiation21. Our findings also 

support this concept as we found a significant upregulation of glycolysis-
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driven ATP production at day 21 of the cytodifferentiation of HPDL cells. 

However, owing to the complexity of the energy metabolism, the involvement 

of LAL during the cytodifferentiation of HPDL cells might be affected by 

varied metabolic phenotypes throughout the process. 

 

As aforementioned, osteoblast differentiation is a cellular activity that 

requires a large amount of ATP. Approximately 17,000 ATP equivalents are 

used to generate polypeptides required for collagen and matrix synthesis 

during hard tissue formation6. The tremendous need for ATP was previously 

believed to be generated from glucose metabolism6,7. However, with 

increasing evidence, FA oxidation has become the indispensable energy 

pathway required for mineralization as it can generate higher ATP6. Based on 

our results, there was an increase in total ATP production throughout the 

cytodifferentiation of HPDL cells. Simultaneously, we also observed the 

upregulation of FA-oxidation-related CPT1A mRNA expression and LD 

utilization during the cytodifferentiation of HPDL cells. Therefore, our 

findings emphasize the requirement of energy with the supply from FA-

dependent pathways during the cytodifferentiation of HPDL cells. Likewise, 

Rendida-Ruedy et al. elucidated that intracellular LDs support osteoblast 

function in bone marrow stromal cells (BMSCs) by observing the impaired 

cytodifferentiation after treating BMSCs with Triacsin C, an inhibitor of TG 
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accumulation during LD formation. In addition, inhibition of CPT1 by 

etomoxir resulted in a decrease of OCR during the cytodifferentiation of 

BMSCs. While Lalistat-2 affected the cytodifferentiation of HPDL cells, it did 

not affect cell viability and proliferation of HPDL cells, which consume 

relatively lower energy. The LAL-dependent pathway may be specially 

required during energy-consuming activities. Although we suggest the 

importance of FAs as the energy substrates for energy production during the 

cytodifferentiation of HPDL cells, glucose and amino acids are also 

indispensible as we found that HPDL cells cultured in osteogenic medium with 

1% FBS have reduced cytodifferentiation compared to those cultured in 

osteogenic medium with 10% FBS (data not shown). 

 

Considering periodontal disease, an inflammation that deteriorates 

tooth-supporting apparatus, including cementum and alveolar bone, PDL cells 

seems to require more energy for their cytodifferentiation for regenerating and 

maintaining the homeostasis of periodontal tissue. LPS of periodontopathic 

bacteria such as Porphyromonas gingivalis (Pg) and Actinobacillus 

actinomycetemcomitans (Aa) is involved in onset and progression of 

periodontal disease31. Interestingly, Buechler et al. have reported that 

Escherichia coli-LPS downregulated the LAL expression in human blood 

monocytes32, indicating the link between LPS and LAL. Similarly, we 
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observed the downregulation of LIPA mRNA expression in HPDL cells treated 

with Pg-LPS (data not shown). However, more investigations regarding the 

effects of LPS from different bacterial species on HPDL cells are still required 

to comprehend the mechanisms of LAL functions in periodontal tissue in a 

pathological condition. 

 

Generally, patients with LAL deficiency experience various severe 

clinical symptoms, including hepatomegaly, splenomegaly, and 

atherosclerosis caused by the accumulation of TGs and CEs33. Besides AgP-

associated LIPA SNP rs143793106 which we had previously reported22, the 

other SNPs of LIPA rs1412444 and rs2246833 have been also identified as 

genetic risk factors for coronary heart disease34. Additionally, impaired 

function of LAL is involved in non-alcoholic fatty liver disease (NAFLD)35. 

Although the mechanisms have not been elucidated, increasing evidence 

suggests associations between periodontal disease and systemic diseases, 

including coronary heart disease36, NAFLD37, obesity38, and atherosclerosis39. 

Therefore, LAL-related energy metabolism can bridge the gap and enhance to 

understand their relationships. 

 

The specific microenvironments, including oxygen availability and 

micronutrients, affect the metabolic programming of the cells. The altered 
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microenvironment was also observed in the subgingival periodontal pocket 

under periodontitis. Multiple studies have reported hypoxia, a condition with 

less oxygen supply, and altered bacterial species with an increase in pocket 

depth40-42. Hypoxia reportedly affects the PDL cells during homeostasis and 

cytodifferentiation. Li et al. have revealed by proteomic analysis that hypoxic 

condition was associated with the pathways of energy metabolism, autophagy, 

and responses to the stimuli in HPDL cells43. Xiao et al. found that hypoxia 

suppresses the proliferation and migration of HPDL cells44. However, the 

effects of hypoxic conditions on cytodifferentiation are still controversial. 

Osathanon et al. have reported reduced ALPase activity and calcification-

related genes in hypoxia-stimulating cobalt chloride-treated HPDL cells 

during their cytodifferentiation45. In contrast, Li et al. reported the upregulation 

of calcification-related genes in hypoxia-mimicking dimethyloxalylglycine-

treated HPDL cells46. Mimicking the in vivo hypoxic condition by in vitro 

experiments is challenging. However, the alteration of oxygen availability can 

clearly lead to a metabolic shift inside the cells. Generally, oxygen deprivation 

upregulates the expression of hypoxia-inducible factor 1 (HIF-1), leading to 

the shift from oxygen-driven OXPHOS to glycolysis. Ng et al. have observed 

a significant increase in the proportion of HIF1A-expressing fibroblast-like 

cells from the gingival biopsy47. The protein level of HIF1a in the diseased 

periodontal pockets was also higher than that in the control gingival samples47. 
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Similarly, Noguchi et al. have detected that HIF1B mRNA expression in the 

gingival samples with a sulcular depth of 2 to 4 mm was higher than that with 

a sulcular depth of less than 2 mm48. Owing to the influence of HIF-1, 

glycolysis is possibly more preferred for the energy production in the oxygen-

deprived deep periodontal pockets than that in the shallow sites. Furthermore, 

Takedachi et al. have recently reported that HIF-1 is negatively regulated by 

periodontal ligament-associated protein-1 (PLAP-1), a preferentially 

expressed protein in HPDL cells, under hypoxic condition. They suggested the 

roles of PLAL-1 in PDL by regulating hypoxic responses49. However, the 

mechanism was not fully elucidated. Interestingly, we also found that LAL 

inhibition by Lalistat-2 altered HIF1A mRNA expression during the HPDL-

cell cytodifferentiation (data not shown). LAL, as well as energy metabolism, 

might involve the regulation of responses to hypoxia and PLAL-1 functions in 

HPDL cells. 

 

In addition to oxygen, glucose plays an important role in the metabolic 

phenotype and affects the osteoblastic differentiation of HPDL cells. Glucose 

deprivation results in reduced ATP production. However, the effects of HG on 

osteoblast differentiation are still controversial and inconclusive. For example, 

Suebbuk et al. have observed that HG enhances the cytodifferentiation of 

HPDL fibroblasts17. On the contrary, Zhen et al. have reported the suppression 
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of the cytodifferentiation of HPDL stem cells by HG19. In our study, we 

performed the osteogenic induction using a growth medium containing 

approximately 100–110 mg/dL, which is in the normal range of healthy non-

fasting blood glucose levels50. This concentration of glucose is also used by in 

vivo experiments as the approximate glucose concentration at 100 mg/dL in 

laboratory mice fed with a normal diet51-53. 

 

 In our study, we have 3 limitations. First, as previously mentioned, any 

changes in oxygen and glucose availability can cause metabolic alteration. To 

avoid the influences of oxygen and glucose on the cytodifferentiation of HPDL 

cells, we performed the experiments in a single setting: oxygen concentration 

(21%) and glucose concentration (100–110 mg/dL). Further studies with 

various environmental settings will provide us with more information of LAL 

functions during the cytodifferentiation of HPDL cells in closer to in vivo 

conditions. Second, our findings were obtained from in vitro experiments. The 

future in vivo experiments are warranted to evaluate the regeneration of the 

alveolar bone volume and the preference of energy metabolism pathway in 

PDL tissue under the recovery from periodontitis in LAL knock-out mice. 

Last, we analyzed the metabolic phenotypes of only major pathways, 

OXPHOS, and glycolysis. The effects of LAL on the phenotypes of the sub-
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metabolic pathways, such as FA and amino acid oxidation, should be analyzed 

in the future. 

 

Currently, an enzyme replacement therapy using sabelipase alfa, a 

recombinant LAL, is approved for the effective treatment of LAL 

deficiency54,55. In addition, peroxisome proliferator-activated receptor alpha 

(PPAR-a) agonist has been reported to rescue impaired function of LAL by 

enhancing LAL expression in HepG2 cells, a cell line of human liver 

carcinoma cells35. These molecules might affect the cytodifferentiation of 

HPDL cells with impaired LAL function as well. Furthermore, Gomaraschi et 

al. have mentioned that LAL supplies FAs to support immune cell functions, 

and that restoring LAL activity improves metabolic parameters and mitigates 

the immunoinflammatory response. They have proposed that targeting LAL 

may be a therapeutic strategy to recover the impaired functions of immune 

cells35. As we have proposed the energy metabolism of PDL cells for future 

periodontal regeneration, we strongly believe that targeting LAL-related 

energy metabolism will be a novel strategy for periodontal treatment21. 

 

 

 

 



 36 

Conclusion 

 

In this study, we revealed the followings: 

1. Lalistat-2 inhibited LAL activity and LD utilization in HPDL cells, but 

not viability and proliferation of HPDL cells. 

2. LIPA gene expression was upregulated during the cytodifferentiation of 

HPDL cells. 

3. Inhibition of LAL by Lalistat-2 suppressed the cytodifferentiation of 

HPDL cells. 

4. LAL was involved in the energy metabolism during the 

cytodifferentiation of HPDL cells. Particularly, LAL regulated the 

OXPHOS-related gene, ATP5FA1, during the cytodifferentiation of 

HPDL cells. 

5. LAL enhanced the OXPHOS pathway and supported LD utilization and 

ATP production during the cytodifferentiation of HPDL cells. In 

contrast, the inhibition of LAL by Lalistat-2 decreased ATP production 

from OXPHOS and the spare capacity of OCR. 

 

These results suggest that LAL utilizes LDs to drive the OXPHOS 

pathway, resulting in adequate ATP production to support the proper 

cytodifferentiation of HPDL cells and maintain the homeostasis of periodontal 
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tissue. In contrast, in a pathological condition such as periodontitis, it is 

suggested that LPS produced by periodontal pathogens impairs LAL functions, 

resulting in disturbing LD utilization and ATP production from OXPHOS. As 

a result, HPDL cells could not meet the energy demand for their 

cytodifferentiation, leading to the destruction of alveolar bone (Fig. 6). 

 

On the basis of these findings, we elucidated a possible mechanism of 

which LAL regulates the pathophysiological conditions of periodontal tissue 

through energy metabolism. 
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Fig. 6 A possible mechanism of which LAL regulates the pathophysiological 

conditions of periodontal tissue through energy metabolism. 

Left: During a physiological condition, LAL hydrolyzes triglycerides (TGs) and 

cholesteryl esters (CEs) to generate fatty acids (FAs). FAs are further supplied to the 

oxidative phosphorylation (OXPHOS) pathway to generate adequate ATP demanded 

during the cytodifferentiation of HPDL cells to maintain periodontal tissue homeostasis. 

Right: Under periodontitis condition, lipopolysaccharides (LPS), produced from 

periodontopathic bacteria, impairs LAL function resulting in reduced FAs supplying the 

OXPHOS pathway, and impaired OXPHOS capacity. HPDL cells cannot generate 

adequate ATP to reach the demand during their cytodifferentiation, leading to the 

destruction of bone. 

ATP: adenosine triphosphate, PDL: periodontal ligament 
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