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and dental caries.4 Changes in the oral microbiome have 
also been observed in connection with metabolic dis-
eases, autoimmune diseases, immunosuppression and 
pregnancy.5

Oral microbes release salivary metabolites as a prod-
uct of multifactorial interactions between the host, 
oral bacteria and altered cellular metabolism of the 
host. Periodontal diseases are initiated and propagated 
through oral dysbiosis which interacts with the immune 
defences of the host, leading to inflammation and dis-
ease and even systemic inflammation.6 The relation-
ship between periodontitis and systemic diseases such 
as cardiovascular diseases, diabetes mellitus, prob-
lems during pregnancy, rheumatoid arthritis, chronic 
obstructive pulmonary disease, pneumonia, obesity, 
chronic kidney disease, metabolic syndrome and can-
cer has been previously demonstrated.7 Furthermore, 
variation in the oral microbiome is reported to be asso-
ciated with oral cancer,8 pancreatic cancer,9 colorectal 
cancer10 and neurodegenerative diseases.11 Although 
some relationships involving oral microbiome varia-
tions and different diseases have been confirmed, the 
exact cause of pathogenesis remains unclear.

Salivary metabolites

Homeostasis in the oral cavity is maintained primarily 
by the saliva’s multifactorial defence system. Saliva is 

1 Institute of Dentistry, University of Eastern Finland, Kuopio Campus, 
Kuopio, Finland.
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Salivary Short-chain Fatty Acids (SCFAs) Are Viable 
Predictors of Early Changes in Systemic Health
Bina KASHYAP1, Eelis HYVÄRINEN1, Arja M KULLAA1

Short-chain fatty acids (SCFAs) are the metabolites identified in both the oral cavity and the 
gut. They play an important role in the triggering, development and progression of systemic 
diseases. SCFAs can alter the gut microbial components, intestinal epithelium and host immune 
system, and are also associated with cancer incidence. Salivary SCFAs, produced by the oral 
microbiome, are correlated with some oral diseases. The occurrence of systemic diseases asso-
ciated with gut SCFAs is more clearly defined than oral SCFAs. Salivary SCFAs can enter the 
bloodstream directly via inflamed gingiva to cause continuous low-grade systemic inflamma-
tion. Hence, salivary SCFAs could be an indicator for the early diagnosis of systemic diseases. 
Furthermore, they provide a basis for understanding the oral-systemic axis driven through 
salivary SCFAs in the pathogenesis of several diseases.
Keywords: gut microbiome, oral diseases, oral microbiome, salivary metabolites, SCFAs.
Chin J Dent Res 2024;27(3):193–202; doi: 10.3290/j.cjdr.b5698392

Oral diseases, including caries, periodontal disease, oral 
precancers and cancers, are a major concern globally 
and a serious health burden that has a substantially neg-
ative effect on society. The oral cavity is a complex with 
different niches for the colonisation of micro-organisms 
including bacteria, fungi, eukaryotes and viruses, that 
can cause several oral diseases.1 These niches are pre-
dominantly exposed to the saliva and gingival crevicular 
fluid that hydrate bacteria and provide a medium for 
nutrient transportation.2 The oral microbiome main-
tains a dynamic balance in interbacterial and host-bac-
terial interactions.3 Oral dysbiosis is the interaction be-
tween the pathogens and the host’s immune response, 
resulting in oral diseases. The microbial diversity and 
shifts in bacterial composition increase the abundance 
of pathogenic bacteria and decrease commensal health-
associated bacteria. The most common consequences of 
this oral dysbiosis are oral diseases and infections, such 
as periodontitis, gingivitis, oral ulcers, oral candidiasis 



194 Volume 27, Number 3, 2024

KASHYAP et al

a complex biofluid consisting of a broad spectrum of 
components that provides biomarkers of health and dis-
ease status. It facilitates diagnosis and prognosis of dis-
ease by yielding information on metabolites, proteins, 
mRNA, DNA, enzymes, hormones, antibodies, antimi-
crobial constituents and growth factors,12 and reflects 
both diseases of the oral cavity and systemic conditions. 
Salivary metabolites, molecules of a low weight present 
in the saliva (endogenous or exogenous), often repre-
sent a useful tool for the detection of various oral and 
systemic diseases.13 

Metabolomic studies have confirmed that micronu-
trients obtained from dietary sources such as carbo-
hydrates, proteins and lipids are important in regulat-
ing energy metabolism and inflammatory responses. 
The salivary metabolites are studied through differ-
ent analytical methods such as mass spectroscopy 
(MS), gas spectroscopy (GS), capillary electrophoresis 
(CP), high-performance liquid chromatography (HPLC) 
and nuclear magnetic resonance (NMR) spectroscopy. 
These technologies have helped to reveal how biochem-
ical reactions and their end-products are involved in the 
pathogenesis of various diseases. The most common 
salivary metabolites that are quantitatively analysed are 
amino acids, carbohydrates and organic acids..14 NMR 
spectroscopy is used to detect short-chain fatty acids 
(SCFAs) such as acetate, butyrate, formate and propion-
ate in human saliva samples.15,16

Of all the metabolites, acetate, propionate and butyrate 
have shown pathophysiological changes that reflect dis-
turbances in metabolic pathways in different diseases. 
Acetate, propionate and butyrate are SCFAs that are 
produced by saccharolytic and proteolytic oral bacteria 
and correlate with salivary microbial load.16 Acetate and 
propionate are mainly produced by gram-negative bac-
teria (Bacteroidetes), whereas butyrate is the metabolic 
product of gram-positive bacteria (Firmicutes). Less 
than 1% of SCFAs are formed as products from peptide 
and amino acid fermentation.17 The release of SCFAs as 
microbial metabolite has contributed to several oral in-
flammatory diseases. Table 1 presents salivary SCFAs in 
different oral diseases.18-33 SCFAs are also produced by 
some anaerobic periodontal bacteria and are released 
from infection sites into the microenvironment.34 In 
addition to oral sources, the main SCFAs including 
acetate, propionate and butyrate are produced in the 
large intestine by microbial degradation of undigested 
carbohydrates.35 Studies from preclinical models have 
shown that the gut microbiome maintains bidirectional 
communication with the brain or gut–brain axis via a 
network of immunological, neuronal and endocrine 
signalling pathways.36 The presence of SCFAs in the 

oral cavity and their communication with the systemic 
circulations have not been confirmed, despite having 
overlapping microbiomes with the gut. 

SCFAs: a result of oral dysbiosis

Disturbances in the normal symbiotic relationship be-
tween the host and its resident microorganisms can 
increase the risk of disease by changes in the oral en-
vironment. Several factors, including smoking, alcohol 
consumption, socioeconomic status, antibiotic use, diet 
and pregnancy, can affect the oral microbiome and their 
metabolites.37 The oral cavity hosts several microbes 
distributed at different locations. Oral dysbiosis can lead 
to the loss of beneficial oral species and pathogen col-
onisation, either directly or indirectly through immu-
nosuppression, oxygen deprivation, biofilm formation 
or other potential mechanisms.38 SCFAs are produced 
by oral bacteria, as end-products of their metabolism. 
These fatty acid-secreting bacteria are present in lesions 
of both dental caries and periodontitis. It has been spec-
ulated that these short-chain organic acids assist in cell-
to-cell metabolic communication via bacterial coloniza-
tion. The protective or harmful role of dental biofilm 
in the oral cavity is still unknown, though it is another 
source of SCFAs.39,40

Salivary lactate, acetate and n-butyrate have been 
observed in patients with dental caries wherein one 
or more of the SCFAs reduce the pH and increase the 
porosity of the dental plaque matrix.41 In periodontitis, 
increased salivary metabolites, as acetate, propion-
ate and butyrate are strongly linked to preventing cell 
division, diminished the ability to repair damage, junc-
tional epithelium degeneration processes and stimula-
tion of inflammatory response with the liberation of 
cytokines.23 The presence of these SCFAs is pointed 
out as a possible indicator of periodontal disease de-
velopment and progression. In one study, a significant 
decrease in salivary SCFAs was observed after peri-
odontal treatment.26 The association of salivary SCFAs 
with periodontal disease requires further investigation, 
as it is still unclear whether disease susceptibility is 
based on the local immune-inflammatory reactivity or 
oral microbiome, or at systemic metabolic level.

Oral dysbiosis with persistent periodontitis con-
tributes to the development and progression of psy-
chiatric and neurodegenerative disorders, as well as 
autoimmune diseases.42 The periodontal pathogens 
can release or induce pro-inflammatory cytokines 
such as interleukin-1 (IL-1), IL-6 and tumour necrosis 
factor (TNF)-alpha that accelerate the neuroinflamma-
tion involved with Alzheimer’s disease.43 An increased 
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Table 1  Salivary SCFAs in different oral diseases.

Study Oral disease n (C/D) Saliva Method Salivary metabolites (SCFAs) Oral impact
Elevated Decreased

Fidalgo et al18 Dental caries 10/20 USWS NMR
Butyrate, propion-
ate

NR
Decreased pH and increased 
porosity of dental plaque ma-
trix

Pereira et al19 Dental caries 38/NA
USWS, 
SWS

NMR NR Butyrate
Protein hydrolysis and deglyco-
sylation

Schulz et al20 Dental caries 36/21 USWS LC-MS
Acetic acid, propi-
onic acid,

NR
Dietary factors increase organ-
ic acids

Aimetti et al21 Periodontitis 22/32 WS NMR

Acetate, 
c-aminobutyrate, 
n- butyrate, propi-
onate

NR
Proteolytic destruction and 
increased disease severity

Rzeznik et al22 Periodontitis 26/26 SWS NMR Butyrate
Lactate, ace-
tate

Increased periodontal inflam-
mation and shift in microbial 
composition

Romano et al23
Aggressive and 
chronic periodon-
titis

39/61 USWS NMR NR
Lactate, ace-
tate, butyrate

Increased prevalence of peri-
odontal bacterial species

García-Villaes-
cusa et al24

Chronic periodon-
titis and glioblas-
toma

120/10 USWS NMR

Caproate, 
isocaproate, 
butyrate, isovaler-
ate, isoleucine, 
isopropanol

NR
Increased entry of periodontal 
pathogens and periodontal 
pocket formation

Liebsch et al25 Periodontitis 909/NA SWS
UHPLC- 
MS/MS

Isovalerate NR
Increased inflammation, 
cytokine liberation and peri-
odontal pocket formation

Gawron et al26 Chronic periodon-
titis

15/30 USWS 1H-NMR NR
Propionate, 
acetate

Shift in microbial colonisation

Citterio et al27 Periodontitis after 
therapy

11/12 USWS NMR
Isovalerate, lac-
tate.

Acetate, propi-
onate, butyrate

Decreased microbial load after 
treatment

Kim et al28 Periodontitis 92/129 SWS NMR
Butyrate, isovaler-
ate

Acetate, propi-
onate

Increased periodontal 
inflammation and increased 
recolonisation of periodontal 
pathogens

Sanches et al29 TMJ disorder 27/26 USWS 1H-NMR
Acetate, propion-
ate, isovalerate

NR
Increased inflammation and 
cytokine release

Wei et al30 OSCC/leukoplakia 34/69 WS
LC-TOF- 
MS

Lactic acid, 
3-indolepropionic 
acid

γ-aminobutyric 
acid

Varied metabolic rates, 
increased glycolysis and 
increased occurrence of can-
cer

Wang et al31 OSCC 30/30 USWS CE-MS Lactic acid NR
Altered biochemical process 
and glycolytic switch

Ishikawa et al32 Lichen planus/
OSCC

NA/60 USWS CE-MS
5-aminovalerate, 
gamma- butyrob-
etaine

NR Tumour progression

Yatsuoka et al33 HNC with RT NA/9 USWS
CE- 
TOFMS

Gamma-aminobu-
tyric acid (GABA), 
butyrate, 2-amin-
obutyric acids

NR Increased severity of disease

C, control; CE-TOF-MS, capillary electrophoresis time-of-flight mass spectrometry; D, disease; GC/MS, gas chromatography/mass 
spectrometry; HNC, head and neck carcinoma; LC/MS, liquid chromatography/mass spectrometry; NA, not available; NMR, NMR-
spectroscopy; NR, not reported; OSCC, oral squamous cell carcinoma; RT, radiotherapy; SWS, stimulated whole saliva; TMJ, temporo-
mandibular joint; UHPLC-MS/MS: ultra-high performance liquid chromatography and tandem mass spectrometry; USWS, unstimu-
lated whole saliva; WS, whole saliva. 
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abundance of Porphyromonas gingivalis or P. gingivalis, a 
causative microorganism of periodontitis, was reported 
in the oral cavity of patients with neurodegenerative 
diseases.44 A study on mice has shown brain colonisa-
tion due to P. gingivalis infection.45 Also, P. gingivalis 
produces proteases that have neurotoxic character-
istics. On the other hand, oral species of phylum 
Spirochaetes and genus Treponema, have been shown 
to cause amyloid plaques in Alzheimer’s disease.45 
The pathogenic oral microbes enter the brain tissue 
through different paths to damage the central nervous 
system (CNS): haemorrhagic oral treatment, root canal 
treatment, allows the pathogenic microorganism to 
cross from periapical lesions into alveolar blood ves-
sels, or via gingival crevices to the capillaries in gin-
gival connective tissues,46 or oral microorganisms can 
gain entry to the brain via the trigeminal nerve.47 The 
presence of oral microorganisms in the bloodstream 
and the secretion of cytokines and toxic substances can 
alter blood-brain permeability.48 This allows the mobil-
ity of microorganisms in the brain to cause damage to 
the CNS. SCFAs have been shown to have an extensive 
influence on CNS function, for example causing altera-
tions in neurotransmitter production, mitochondrial 
function, immune activation, lipid metabolism48 and 
gene expression in animal studies, but these lack 
human evidence and are contradictory. The potential 
mechanisms of SCFAs produced by the oral microbi-
ome is another research area for investigation. The po-
tential role of SCFAs in a healthy oral environment and 
oral dysbiosis is outlined in Table 2.42,49-54

SCFAs and the gut microbiome

The gut microbiome is modulated by food products, 
dietary habits and geographical origin. The develop-
ment of certain diseases has been reported to occur 

due to alterations in the composition of the intestinal 
microbiome. Examples of such diseases include heart 
failure,55 colorectal cancer,56 obesity, diabetes,57 inflam-
matory bowel disease (IBD)58 and neurodegenerative 
disorders.59 Additionally, studies have shown that the 
intestinal microbiome is an important source of neu-
rotransmitters,60 including dopamine, noradrenaline, 
serotonin, gamma-aminobutyric acid (GABA), acetyl-
choline and histamine.36 The gut microbiome degrades 
dietary products to produce organic acids, gases and 
large amounts of SCFAs. SCFAs have been studied widely 
in the intestinal–gut microbiome, where they can modu-
late cellular activity both extra- and intracellularly. The 
molecular and metabolic activity of SCFAs has been 
identified as extracellular activity via SCFA-specific 
G-protein coupled receptors,61 intracellular inhibition 
of histone deacetylases (HDACs),62 intracellular energy 
supply for colonic epithelium, substrates for the Krebs 
cycle,63 and induction of apoptosis.64

SCFAs can activate free fatty acid receptors (FFARs) 
expressed in the colon, kidneys, sympathetic nervous 
system, blood vessels, enteroendocrine L cells and 
immune cells, including lymphocytes, neutrophils and 
monocytes.65 In a systematic review of some in vitro 
studies, the role of SCFAs in human oral epithelial cells 
via receptor-mediated pathways (FFARs, FFAR3, FFAR2) 
or inhibition of HDACs by altering DNA transcription 
was speculated. It was observed that SCFAs can con-
tribute to periodontal destruction and modulation of 
immune cell migration.66 There is evidence showing 
the presence of SCFA receptors in the CNS and periph-
eral nervous system, thus allowing communication 
between the gut and brain.67 Gut-brain communica-
tion can occur through direct or indirect effects of the 
gut microbiome. In direct effects, the metabolites can 
systemically translocate and diffuse or pass through the 
blood-brain barrier. Alternatively, in indirect effects, 

Table 2  SCFA function in a healthy oral environment and during oral dysbiosis.

Condition Source of SCFAs SCFAs Oral microbiome Dental biofilm Host immune system CNS

Healthy oral 
environment

Carbohydrate,  
protein, amino 
acids

Acetate, 
butyrate, 
formate, 
propion-
ate

Actinomyces spp., Bacte-
roides spp., Corynebac-
teria spp., Eubacterium 
spp., Fusobacterium spp., 
Haemophilus spp., Meg-
asphaera spp., Neisseria 
spp., Propionibacterium 
Prevotella spp., Porphyro-
monas spp., Rothia spp.

Antibacterial 
activity, homeo-
static balance

Pro-inflammatory, anti-
inflammatory, chemo-
attractant

Improves syn-
apses, microglial 
maturation

Oral dysbiosis

Limit commen-
sal microbiota, 
pathogenic 
microbiota dom-
inate, homeo-
static balance 
disturbed

Increased inflamma-
tion, chronic condition, 
decrease immunity, 
increased expression 
of pro-inflammatory 
cytokines

Triggers microglia 
mediated innate 
immune response, 
alteration in neu-
rotransmitter pro-
duction, promotes 
neuroinflamma-
tion, neurodegen-
erative changes



197Chinese Journal of Dental Research

KASHYAP et al

the microbes colonise the intestine to release metabo-
lites that are involved in neurological functions. The 
products generated in the intestine can move via the 
bloodstream to reach the CNS, where these metabolites 
act as neurotransmitters or their precursors.68 

Relations between the oral and gut microbiome

The oral microbiome is the second-largest microbiome 
in humans after the gut. The gut microbiome shows 
greater diversity compared to the oral microbiome.69 
Due to the differences between the two, the oral micro-
organisms that enter the gut through swallowing sal-
iva could change intestinal microbial colonisation. The 
release of metabolic end-products by the bacteria can 
accelerate inflammatory changes and affect various tis-
sues and organs in direct or indirect ways.70 It has been 
shown that periodontal pathogens, mainly P. gingivalis, 
can survive in the gut, change the composition of the 
intestinal microbiome, and increase intestinal perme-
ability. The survival of P. gingivalis in the gut and the 
release of metabolites can spread through the blood-
stream and affect various sites in the human body. 
Their role in the development of neuropathology has 
also been documented.71 The available data suggest that 
gut-associated systemic pathology is mediated by peri-
odontal microorganisms (Table 3).70-72

A limited number of shared taxa between the oral 
cavity and the gut are presented in Fig 1. Recently, a 

subset of 74 species were reported to be transmitted 
from the mouth to the gut, forming consistent microbe 
populations along the gastrointestinal tract.73 The oral 
mucosa is connected to the gastrointestinal mucosa, 
and their interrelationships are expected as saliva is 
ingested every day from the oral cavity to the gut. The 
oral microbiota affects the gut microbiota through 
three routes: first, the enteral route, whereby salivary 
mucins protect the microbiota from gastric acid after 
swallowing and allow their survival along the gastroin-
testinal tract; second, the hematogenous route, where-

Table 3  Oral microbiome in gut diseases: a possible mechanism of gut pathogenesis induced by oral bacteria.

Oral bacteria Targeted cells Cellular pathways involved Possible pathologic role

Porphyromonas gingivalis

Epithelial cells
Jak1/Akt/Stat3, PI3K/Akt, Cyc-
lin D, β-catenin, NF-kB, ERK1/2, 
p38.

Gut dysbiosis, epithelial disruption, antia-
poptotic, cell proliferation, immune evasion, 
tumour invasion

Neutrophils
Receptor mediated (Toll-like 
receptors)

Impair action and decrease antibacterial 
activity

Dendritic cells
Metalloproteinase and com-
plement system

Increase tissue destruction and comprom-
ise host immune system

Fusobacterium nucleatum
Epithelial cells

Wnt/β-catenin, receptor medi-
ated (Toll-like receptors)

Cell proliferation and migration, cell adhe-
sion

Natural killer cells, T cells T cell immunoreceptor Immune evasion
Staphylococcus aureus Epithelial cells, T cells NR Epithelial disturbance, immune activation
Klebsiella pneumoniae

Epithelial cells Cytoplasmic adaptor protein Generation of Th cells (type1)
K. aerogenes (K. aeromobilis)
Campylobacter concisus Epithelial cells NR Epithelial disturbance

Fusobacterium varium Epithelial cells NR
Inflammatory cytokine production, cell adhe-
sion and invasion

Atopobium parvulum NR NR
Affects hydrogen sulfide detoxification, 
mitochondrial dysfunction

Akt, protein kinase B; ERK1/2, extracellular signal-regulated protein kinases 1 and 2; Jak 1, Janus kinase 1; NF-kB, nuclear factor 
kappa- light-chain-enhancer of activated B cells; NR, not reported; PI3K, phosphoinositide 3-kinase; Stat3, signal transducer and 
activator of transcription 3; Wnt, wingless-related integration site.

Fig 1  The overlap between the oral and gastrointestinal 
microbiome, a bridge for the oral-gut axis resulting in several 
oral and systemic diseases.
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by oral/dental trauma allows easy penetration of oral 
microbes through the damaged mucosa and enables 
oral microbes to spread into the systemic circulation; 
and third, the immune cell migration route, whereby 
dendritic cells and macrophages help in the dissemina-
tion of oral bacteria from the oral cavity to the gut.74

The role of the oral-gut axis in systemic disease 
has accelerated recently where diabetes and IBD have 
shown stronger associations between the oral-gut axis 
and disease progression.75 In diabetes, Streptococcus 
salivarius is decreased in the oral cavity as well as in 
the gut, thereby increasing the abundance of faculta-
tive anaerobes including Enterobacteria. The increased 
Enterobacteria drives gut inflammation and impacts 
diabetes progression. P. gingivalis or Fusobacterium 
nucleatum from the saliva of periodontitis patients can 
increase gut permeability by disturbing the intestinal 
immune system and assisting disease progression.75,76 
IBD patients have shown oral dysbiosis with different 
microbial ecotypes exhibiting similar variations as in 
the gut. Hence, saliva is marked as a convenient tool for 
risk identification in IBD patients.77 There is a bidirec-
tional relationship between the oral and gut microbiota; 
however, there is limited research on the influence of 
gut dysbiosis on the oral microbiota and the presence of 
SCFAs receptors in the oral mucosal epithelium.

Metabolism and action of SCFAs

Both exogenous and endogenous SCFAs may be involved 
in the pathogenesis of different diseases. SCFA provides 
approximately 10% of the daily calorie requirement and 
its receptors are present throughout the human body.78 

SCFAs may act as ligands to membrane receptors, thus 
affecting cell metabolism (Fig 2). Acetate, butyrate and 
propionate are SCFAs with chain lengths of 1 to 6 car-
bon atoms. These act on many cell types and regulate 
important biological processes. Catabolism of different 
bacteria is the main reason for the different propor-
tions of SCFAs in the human colon.79 Previous studies 
on colon epithelium have shown butyrate to be the main 
substrate, which enhances oxidative phosphorylation 
within the cell and enhances fatty acid metabolism.80,81 
Butyrate is produced via glycolysis and with a stepwise 
reduction of acetoacetyl-CoA to butyryl-CoA. The final 
step in the formation of butyrate from butyryl-CoA 
involves either the butyryl-CoA: acetate CoA-transferase 
route or the phospho-butyrate and butyrate kinase 
pathways.82 Butyrate and acetate are the substrates 
for lipogenesis. Acetate is metabolised in muscles and 
is a substrate for cholesterol and fatty acid synthesis. 
Several anaerobic bacteria, such as A. muciniphila and 
Bacteroides spp., produce acetic acid through fermenta-
tion. Acetate is found in a higher concentration in the 
proximal colon, where it is absorbed by intestinal epi-
thelial cells and later by the liver via the hepatic portal 
vein. In the blood, acetate exists as a free acid that is 
metabolized by several tissues and organs.83 Propionate 
is derived from carbohydrate metabolism during glycol-
ysis, mainly through the succinate pathway, and is a pre-
cursor for glucose synthesis in the liver.84 A vitro study 
has shown that increased secretion of propionate by the 
intestinal epithelium inhibited hepatocyte adipogenesis 
and reduced fat deposition in chickens.85 Several other 
animal studies have indicated the crucial role played 
by propionate in lipid metabolism, the nervous system 
and cardiovascular diseases.86,87 Thus, the increase and 
decrease of SCFAs in the colonic epithelium can impair 
its structure and function. 

The importance of SCFAs has been demonstrated 
and reported in various animal model studies. SCFA 
metabolism in the liver can directly affect energy 
status through an imbalance between lipid formation 
and breakdown, glucose production and catabolism, 
and cholesterol synthesis and secretion.88 In another 
study, SCFAs were shown to promote adipogenesis in 
the rodent cell model.89 Acetate or propionate were 
found to induce significant changes in nuclear re-
ceptor expression, leptin secretion and intracellular 
triglyceride accumulation in the early stage of adipose 
differentiation.89 SCFAs were found to mediate glucose 
metabolism and fatty acid utilisation in skeletal muscle 
via stimulation through regulators of skeletal muscle 
metabolism.90 SCFAs play a dual role as a substrate and 
as a regulatory factor in lipid metabolism.90 

Fig 2  Metabolism of SCFAs. Butyrate absorption negatively 
regulates pyruvate to produce acetyl-CoA necessary in the 
Krebs cycle. Butyrate action pushes cell metabolism from 
glycolysis to β-oxidation. Depending on the metabolic state, 
acetate and butyrate are converted to acetyl-CoA. SCFAs can 
enter the citric acid cycle for gluconeogenesis and be utilised 
to form lipids and ketone bodies. 
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Hypothesis 

Oral diseases, mainly caries and periodontitis, are well 
known diseases caused by the oral dysbiosis. Microbial 
metabolites produced in the oral cavity can enhance 
the prediction of pathogenesis of oral diseases and, fur-
thermore, provide more consolidated information on 
several systemic diseases. The salivary metabolites pro-
duced by the oral microbiome can be helpful in uncov-
ering the causal relationship between the microbiome 
and disease at earlier stages. In the present article, the 
authors propose that salivary SCFAs derived from the 
oral microbiome and oral infectious diseases consti-
tute a key element for driving oral-systemic alterations 
to cause numerous diseases. Both saccharolytic and 
proteolytic bacteria are present in the oral cavity that 
release SCFAs into saliva. These salivary SCFAs can act 
in two ways: they can be transferred directly from saliva 
into the bloodstream via inflamed gingiva, or salivary 
metabolites are swallowed and transferred via the gut 
to communicate with other organs. SCFAs as immu-
nomodulators cause low-level systemic inflammation. 
Salivary SCFAs are the key regulators of oral changes 
that communicate with systemic conditions much earl-
ier than the gut microbiome. Hence, salivary SCFAs can 
provide possible advantages as an indicator or diagnos-
tic tool for early diagnosis of systemic diseases (Fig 3). 

Conclusion

The two largest known microbial habitats in the human 
body are the gut and oral cavity. There is growing evi-
dence to support the notion that the oral microbiome can 
change the gut microbiome through direct translocation 
of oral bacteria and/or indirectly by oral bacterial byprod-
ucts. SCFAs are released by both the oral and gut microbi-
ome. Taken together, the oral–systemic microbiome axis 
is strongly associated with diseases via SCFAs and could 
be a predictor of early-stage disease development; how-
ever, the presence of SCFA receptors in the oral mucosal 
epithelium is unclear. The present study provides a basis 
for further research aimed at understanding the oral–
systemic axis driven through salivary SCFAs in the patho-
genesis of several diseases. Thus, integrative research on 
salivary SCFAs is needed to control metabolite-associated 
diseases and develop novel strategies for precise diagno-
sis, prognosis and treatment. 
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Stem cell–mediated tooth regeneration is an ideal ther-
apy for tooth loss but still presents many problems, such 
as limited seed cells and poor efficacy.1,2 In tooth tissue, 
stem cells, growth factors and the extracellular matrix 
(ECM) in the niche and their multiple interactions deter-
mine tooth development, eruption and biological basis 
for the formation of pulp dentine and so on. However, 
due to being limited by the current methods, the niche 
cannot be maintained when mesenchymal stem cells 
(MSCs) are isolated and cultured in vitro. Disruption of 
the niche may impede MSC-mediated tooth regener-
ation.3-5 The stem cell niche plays a key role in homeo-
stasis and tissue regeneration. 

From the perspective of the stem cell microenvir-
onment, previous studies conducted by the present 
authors6,7 revealed that bone morphogenetic proteins 
(BMPs) are downregulated in stem cells from the apical 
papilla (SCAPs) compared with the tissues from the ap-
ical papilla, but the antagonist of bone morphogenetic 
protein- Gremlin1 (GREM1) is upregulated. In vitro 
experiments showed that BMP6 could significantly 
enhance the proliferation and differentiation potential 
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GREM1 Negatively Regulates Osteo-/Dentinogenic 
Differentiation of Dental Pulp Stem Cells via Association 
with YWHAH 
Shu DIAO1,2, Xiao HAN1, Wei Long YE1, Chen ZHANG1, Dong Mei YANG2,  
Zhi Peng FAN1,3, Song Lin WANG1,3

Objective: To investigate the biological regulatory function of Gremlin1 (GREM1) and tyrosine 
3-monooxygenase/tryptophan 5-monooxygenase activation protein eta (YWHAH) in dental 
pulp stem cells (DPSCs), and determine the underlying molecular mechanism involved. 
Methods: Alkaline phosphatase (ALP) activity, alizarin red staining, scratch migration assays 
and in vitro and in vivo osteo-/dentinogenic marker detection of bone-like tissue generation in 
nude mice were used to assess osteo-/dentinogenic differentiation. Coimmunoprecipitation and 
polypeptide microarray assays were employed to detect the molecular mechanisms involved.
Results: The data revealed that knockdown of GREM1 promoted ALP activity, mineralisation 
in vitro and the expression of osteo-/dentinogenic differentiation markers and enhanced osteo-/
dentinogenesis of DPSCs in vivo. GREM1 bound to YWHAH in DPSCs, and the binding site 
was also identified. Knockdown of YWHAH suppressed the osteo-/dentinogenesis of DPSCs in 
vitro, and overexpression of YWHAH promoted the osteo-/dentinogenesis of DPSCs in vitro and 
in vivo.
Conclusion: Taken together, the findings highlight the critical roles of GREM1-YWHAH in the 
osteo-/dentinogenesis of DPSCs.
Keywords: dental pulp stem cells, Gremlin1, tooth regeneration, YWHAH
Chin J Dent Res 2024;27(3):203–213; doi: 10.3290/j.cjdr.b5698390
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of SCAPs, and that BMP2, BMP6 and BMP7 are nega-
tively regulated by GREM1, suggesting that the GREM1-
BMP signalling pathway may play an important role in 
regulating the function of stem cells.6,7 

GREM1 belongs to the DNA family of secreted BMP 
antagonists. GREM1 is involved in bone development, 
and Grem1 mutant mice develop severe limb skeletal 
deformities.8,9 As an endogenous antagonist of BMP, 
GREM1 not only binds to extracellular BMP but also 
prevents the secretion of BMP through intracellular 
BMP and GREM1 interactions and effectively inhibits 
its activity.10 Studies have confirmed that Grem1 blocks 
the classical BMP signalling pathway by inhibiting the 
phosphorylation of smad1/5/8, but can also directly 
regulate p38, ERK and JNK.11 However, until recently, 
the interaction between BMP signalling and GREM1 
in MSCs has been unclear. A previous study revealed 
that GREM1 can bind to tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein eta 
(YWHAH),12 a member of the 14-3-3 gene family. The 
14-3-3 protein family is a group of highly conserved 
acidic proteins that are highly expressed in nervous tis-
sues; it interacts with more than 100 proteins that are 
critical for many cellular physiological processes, such 
as signalling, cell growth, division, adhesion, deriva-
tives and apoptosis, and thus plays an important role in 
cell proliferation and transformation.13-15 These studies 
indicated that YWHAH might be a downstream gene of 
GREM1, and regulate BMP2, BMP6 and BMP7 and stem 
cell function16,17; however their function and molecu-
lar mechanism are not clear. In this study, the present 
authors investigated the biological regulatory function 
of GREM1 in DPSCs, and the underlying molecular 
mechanism to explain how GREM1/YWHAH regulate 
BMPs in DPSCs.

Materials and methods

Cell culture

With the approval of the Beijing Stomatology Hospi-
tal, School of Stomatology, Capital Medical University 
(CMUSH-IRB-KJ-PJ-2023-28), human impacted third 
molars were collected from 10 healthy patients. The pulp 
tissues were treated aseptically and washed with solu-
tions of phosphate-buffered saline (PBS). DPSCs were 
isolated and cultured as previously described. Briefly 
cells were grown in a humidified atmosphere of 5% CO2 
at 37°C, and the medium was changed every 3 days. 

Plasmids and viruses

Plasmids were produced using standard methods, and 
enzyme digestion, sequencing or both confirmed the 
structures of all plasmids. Human full-length YWHAH 
cDNA with an HA tag was generated via standard gene 
synthesis. This fragment (HA-YWHAH) was inserted 
into the PQCXIN plasmid between the AgeI and BamH1 
restriction sites. GREM1 shRNA, YWHAH shRNA and con-
trol shRNA were purchased from Genepharma (Suzhou, 
China). DPSCs were seeded into plates overnight growth 
and transfected for 12 hours with the virus using poly-
brene (Sigma Aldrich, St. Louis, MO, USA). After 48 hours 
of transfection, the cells were selected in the presence 
of an appropriate antibiotic. The sequences of the shR-
NAs used were follows: LV3 shRNA (Consh), 5'-TTCTC-
CGAACGTGTCACGTTT-3'; GREM1 shRNA (GREM1-sh), 
5'-GCAAGCCC AAGAAATTCACTA-3'. NC shRNA (Consh), 
5'-CCATGATTCCTTCATATTTGC-3'; YWHAH shRNA 
(YWHAH-sh), 5'-GAGCCGACACGGGTTAGGATCC-3'.

Cell ALP activity assay and alizarin red staining

DPSCs were grown in mineralisation-inducing medium 
using a Stem Pro Osteogenesis Differentiation Kit (Inv-
itrogen, Carlsbad, CA, USA). Cells were cultured for 5 
days, and the ALP activity assay was performed with an 
ALP kit according to the manufacturer’s protocol (Sigma 
Aldrich) and normalised based on protein concentra-
tions. The protein concentration was quantitatively 
determined using Bio-Rad protein assay solution (Bio-
Rad Laboratories, Hercules, CA, USA). To detect min-
eralisation, the cells were induced for 2 weeks, fixed 
with 70% ethanol and stained with 2% alizarin red (Sig-
ma Aldrich). To quantitatively determine the calcium 
mineral content, alizarin red was destained with 10% 
cetylpyridinium chloride in 10 mM sodium phosphate 
for 60 minutes at room temperature. The concentration 
was determined by absorbance measurement at 562 nm 
on a multiplate reader using a standard calcium curve 
in the same solution. The final calcium level in each 
group was normalised to the total protein concentration 
prepared from a duplicate plate.18

Reverse transcriptase polymerase chain reaction 
(RT-PCR) and real-time RT-PCR

Total RNA was isolated from DPSCs with TRIzol reagent 
(Invitrogen). We synthesised cDNA from 2 µg aliquots of 
RNA, random hexamers or oligo (dT) and reverse tran-
scriptase, according to the manufacturer’s protocol (Inv-
itrogen). Real-time PCR was performed with a Quanti-
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Tect SYBR Green PCR Kit (Qiagen, Hilden, Germany) 
and an Icycler iQ Multicolor Real-time PCR Detection 
System (Bio-Rad Laboratories). The primers for specific 
genes are shown in Table S1 and the PCR conditions are 
presented in Table S2 (both provided on request).

Scratch migration assays

A scratch-simulated wound migration assay was imple-
mented to assess the function of MSC migration. Upon 
reaching 80% confluence, the cells were digested with 
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) 
(Gibco, Life Technologies, Carlsbad, CA, USA), seeded 
onto six-well plates at a density of 2 × 105 cells/well and 
allowed to grow to close to 95% confluence. The cells 
were grown in DMEM supplemented with alpha modi-
fied Eagle medium (Invitrogen) without foetal bovine 
serum (FBS; Invitrogen). After culturing for 24 hours, a 
cross scratch was made in the cell layer along the diam-
eter of the well with a 200-µl pipette tip (Axygen, Corn-
ing, NY, USA), and the cells were grown in fresh culture 
media. Images from the same view were taken under 
a microscope at baseline (0 hours), 24 hours and 48 
hours after wounding to determine the extent of wound 
closure. Image-Pro1.49v (National Institutes of Health, 
Bethesda, MD, USA) was used to measure the void area 
(VA) and the height and relative width were evaluated 
(area% = VA/height) in each group.

Western blot

Total proteins were extracted from DPSCs, and SDS 
polyacrylamide gel electrophoresis was performed as 
described previously. The primary antibodies used in 
this study were against GREM1 (cat no. G4672; Sigma 
Aldrich), YWHAH (cat no. F1804; Sigma Aldrich) and 
GAPDH (cat. no. G8795, Sigma Aldrich). 

Coimmunoprecipitation (Co-IP) assay

DPSCs were lysed with IP lysis buffer (Invitrogen). The 
cell lysates were incubated with a specific primary anti-
body and protein A/G Sepharose (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) was added overnight at 4°C. After 
washing, the immunoprecipitated complex was treated 
with either RNase A or RNase inhibitor (Sigma Aldrich) 
for 5 minutes at 37°C. The cells were resuspended in 
SDS-PAGE loading buffer for Western blot analysis using 
the corresponding antibodies. The primary antibodies 
used in this study were against GREM1 (cat no. G4672; 
Sigma Aldrich), YWHAH (cat no. G7633; Sigma Aldrich) 
and GAPDH (cat. no. G8795, Sigma Aldrich). 

Peptide microarray

Polypeptide chip sealing 

After the array membrane was activated, sealing solu-
tion was added and the membrane was sealed for 4 
hours with shaking at room temperature.

Reactive protein labelling

A biotin labelling kit (EZ-LINKTMNHS-PEG4-BIOTIN, 
PIECE, LOT#tg263646) was used to label the GREM1-
isoform1 protein with a biotin reminder. The binding 
of polypeptide chip was incubated with reactive pro-
tein, and the biotin-labelled GREM1-isoform1 protein 
was diluted with sealing solution and incubated with the 
array. The experimental group was incubated with 10 ml 
reaction solution at a concentration of 4 µg/ml, and the 
control group chip was incubated with sealing fluid. The 
membrane was shaken overnight at 4°C, the diaphragm 
was removed, and the membrane was washed with TBST 
five times. 

Polypeptide chip and HRP-labelled secondary 
antibody incubation

The membrane was washed with high-sensitivity 
streptavidin-HRP (Pierce CA#:21130) and diluted with 
sealing solution. After 1:8,000, the membranes in the 
experimental group and control group were incubated 
with 5 ml each, shaken at room temperature for 2 hours, 
and then washed five times. 

Colour development 

TotalLab image analysis software (TotalLab, Gosforth, 
UK) was used to analyse the optical density values of 
colour rendering points for imaging images. The "Spot 
Edge Average" algorithm reads the colour rendering val-
ues of all peptide segments and sets the colour point 
light on the film. The highest density value is 100%, with 
reference to the surrounding background values of each 
colour developing point, and the optical density values 
of other points are calculated as the percentage values 
of the optical density values of the point. The possible 
binding sites and fragment sequences of GREM1 and 
YWHAH were obtained through bioinformatics com-
parative analysis.
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Nude mouse transplantation with haematoxylin-eosin 
(HE) staining and immunohistochemical staining

A total of 2.0 × 106 DPSCs were mixed with MC (Engin-
eering Research Center for Biomaterials, Tsinghua Uni-
versity, Beijing, China) at 37°C for 2 hours, and then 
the mixture was subcutaneously transplanted into the 

backs of nude mice (10-week-old females, nu/nu). After 
8 weeks, the subcutaneous transplanted tissues were 
collected, fixed with 10% formalin and decalcified in 
10% EDTA. The tissues were stained with haematoxy-
lin-eosin (HE). Image-Pro Plus software (Media Cyber-
netics, Rockville, MD, USA) was used to calculate the 
area of bone/dentine-like tissue. Immunohistochemical 

Fig 1a to l  Knockdown of 
GREM1 promoted the osteo-/
dentinogenic differentiation of 
DPSCs in vitro. Western blot 
analysis of GREM1 expression 
(a). Real-time RT-PCR showed 
the knockdown efficiency of 
GREM1 in DPSCs (b). ALP ac-
tivity assay (c). Alizarin red 
staining (d). Quantitative cal-
cium analysis (e). The expres-
sion of DSPP (f), DMP1 (g), 
BSP (h), OPN (i) and OCN (j) 
was detected by real-time RT-
PCR at 14 days after induction. 
The results of the scratch-
simulated wound migration 
assay (k  and l). GAPDH was 
used as an internal control. A 
Student t test was performed 
to determine statistical signifi-
cance. All error bars represent 
the standard deviation (n = 6).  
*P ≤ 0.05, **P ≤ 0.01.
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staining was performed as described previously.18 The 
primary antibodies used were DSPP (cat no. bs10316R, 
Bioss, China) and BSP (cat no. bs2668R, Bioss, China). 
The present research was carried out in accordance with 
the animal experiment regulations.

Statistical analysis

Statistical calculations were implemented using SPSS 
10.0 statistical software (SPSS, Chicago, IL, USA). Stat-
istical significance was analysed using a Student t test; 
P ≤ 0.05 was defined as statistically significant.

Results

Knockdown of GREM1 promoted the osteo/dentino-
genic differentiation of DPSCs in vitro and in vivo

First, we constructed a short hairpin RNA (shRNA) to 
inhibit GREM1 expression and introduced it into DPSCs 
via lentiviral infection. Infected cells were selected 
with 2 µg/ml puromycin for 3 days, and the efficien-
cy of GREM1 knockdown was confirmed by real-time 
RT-PCR and western blotting (Fig 1a and b). After the 
cells were cultured in osteogenic induction medium, 
we evaluated their osteogenic differentiation potential. 
After osteogenic induction for 5 days, the ALP activity 
in GREM1 knockdown DPSCs was greater than that in 
control DPSCs (Fig 1c). Alizarin red staining and quan-
titative calcium measurements showed that GREM1 
depletion in DPSCs promoted mineralisation compared 
to that in control DPSCs (Fig 1d and e). The real-time 
RT-PCR results showed that GREM1 depletion in DPSCs 
enhanced BSP, DSPP, DMP1, OCN and OPN expression 
on day 14 after induction (Fig 1f to j). Then, the scratch-
simulated wound migration assay results showed that 
GREM1 knockdown promoted the migration of DPSCs 
at 48 hours (Fig 1k and l). Finally, control DPSCs and 
GREM1 knockdown DPSCs were transplanted subcu-
taneously into nude mice. We discovered that GREM1 
knockdown DPSCs formed more bone/dentine-like tis-
sues (Fig 2a and b). Moreover, immunohistochemical 
staining and quantitative analysis revealed that DSPP 
and BSP expression were greater in GREM1 knockdown 
DPSCs than in control DPSCs (Fig 2c to f). 

GREM1/YWHAH can regulate BMP2, BMP6 and 
BMP7 expression

We used real-time RT-PCR to detect BMP expression. 
The results showed that GREM1 depletion in DPSCs 

enhanced BMP2, BMP6 and BMP7 expression (Fig 3a 
to c). Knocking down YWHAH in DPSCs suppressed 
the expression of BMP2, BMP6 and BMP7 (Fig 3d to f). 
Overexpression of YWHAH promoted the expression of 
BMP2, BMP6 and BMP7 (Fig 3g to i).

GREM1 can bind to YWHAH in DPSCs

We examined the association of GREM1 with YWHAH 
in DPSCs. Co-IP showed that the formation of GREM1-
YWHAH protein complexes increased with HA-GREM1 
overexpression in DPSCs (Fig 4a). In addition, deple-
tion of GREM1 decreased the formation of GREM1-
YWHAH protein complexes in DPSCs (Fig 4b). Co-IP 
results showed that the overexpression of YWHAH pro-
moted the association of GREM1 and YWHAH in DPSCs 
(Fig 4c), and knocking down of YWHAH in DPSCs sup-
pressed this association (Fig 4d). Furthermore, poly-
peptide microarray results showed that the polypeptide 
array derived from the YWHAH protein sequence can 
bind to the reactive protein GREM1-isoform1 protein, 
and the protein binding polypeptide points 29, 46 and 
47 have obvious colour rendering effects (Fig 4e). Taken 
together, these results indicate that GREM1 binds to 
YWHAH. The effective binding sites were- L R D N L T 
L W T S D Q Q D E and -T L W T S D Q Q D E E A G E G. 

Knockdown of YWHAH suppressed the osteo-/denti-
nogenesis of DPSCs in vitro

To verify the role of YWHAH in DPSCs osteo/dentino-
genic differentiation, we constructed a short hairpin 
RNA (shRNA) to inhibit YWHAH expression and intro-
duced it into DPSCs via lentiviral infection. Infected 
cells were selected with 2 µg/ml puromycin for 3 days, 
and the efficiency of YWHAH knockdown was con-
firmed by real-time RT-PCR and western blotting (Fig 5a 
and b). After osteogenic induction for 5 days, the ALP 
activity decreased in YWHAH knockdown DPSCs com-
pared to control DPSCs (Fig 5c). Alizarin red staining 
and quantitative calcium measurements showed that 
YWHAH depletion in DPSCs suppressed mineralisation 
compared to that in control DPSCs (Fig 5d and e). The 
real-time RT-PCR results revealed that YWHAH deple-
tion in DPSCs inhibited BSP, DSPP and DMP1 expression 
on day 14 after induction. There were no statistical dif-
ferences in OCN and OPN (Fig 5f to j). Then, the scratch-
simulated wound migration assay results showed that 
YWHAH knockdown repressed the migration ability of 
DPSCs at 48 hours (Fig 5k and l).
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Overexpression of YWHAH promoted the osteo-/denti-
nogenesis of DPSCs in vitro and in vivo

The function of YWHAH in DPSCs was investigated by 
inserting the YWHAH sequence into a retroviral vector. 
Retroviral infected DPSCs were selected with 600 µg/ml 
G418 for 7 days, and western blot and real-time RT-PCR 
results confirmed the ectopic expression of YWHAH 

(Fig 6a and b). After osteogenic induction for 5 days, ALP 
activity increased in YWHAH overexpressing DPSCs 
compared to control DPSCs (Fig 6c). Alizarin red staining 
and quantitative calcium measurements revealed that 
compared with control DPSCs, YWHAH-overexpressing 
DPSCs promoted mineralisation (Fig 6d and e). The real-
time RT-PCR results showed that YWHAH-overexpress-
ing DPSCs exhibited increased BSP, DSPP, DMP1, OCN 

Fig 2a to f  Knockdown of GREM1 pro-
moted the osteo-/dentinogenic differ-
entiation of DPSCs in vivo. HE staining 
results showing bone/dentine-like tissue 
formation. Scale bar 100 μm. B, bone/
dentine-like tissues; CT, connective tis-
sue; MC, mineral collagen (a). Quantitative 
measurement of the HE staining results 
(b). Immunohistochemical staining and 
quantitative analysis of DSPP (c and d). 
Immunohistochemical staining and quan-
titative analysis of BSP. Scale bar 50 μm 
(e and f). A Student t test was performed 
to determine statistical significance. All 
error bars represent the standard devi-
ation (n = 6). *P ≤ 0.05, **P ≤ 0.01.
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and OPN expression on day 14 after induction (Fig 6f to 
j). The results of the scratch-simulated wound migration 
showed that YWHAH knockdown promoted the migra-
tion ability of DPSCs at 48 hours (Fig 6k and l). Finally, 
control DPSCs and YWHAH-overexpressing DPSCs were 
transplanted subcutaneously into nude mice. The pres-
ent authors discovered that YWHAH-overexpressing 
DPSCs formed more bone/dentine-like tissues (Fig 7a 
and b). Moreover, immunohistochemical staining and 
quantitative analysis revealed that DSPP and BSP expres-
sion were greater in YWHAH-overexpressing DPSCs 
than in control DPSCs (Fig 7c to f). 

Discussion

In tooth tissue engineering, using appropriate stem 
cells and scaffold materials, the present authors aimed 
to identify key target genes that affect the function of 
stem cells in the microenvironment, and apply genes to 
modify stem cells to improve their differentiation abil-
ity and enhance their performance, further improving 
the success rate of biological tooth root regeneration 

and shortening the regeneration cycle. GREM1, a mem-
ber of the BMP antagonist family, plays an important 
role in regulating organogenesis, body patterning and 
tissue differentiation. Like other extracellular BMP 
antagonists, GREM1 contains a cysteine knot.19-21 The 
role of GREM1 as a BMP antagonist has been identi-
fied in the kidney, limb development and lung branch-
ing morphogenesis.22-24 A previous study conducted by 
the present authors found that GREM1 inhibited ADSC 

Fig 3a to i  GREM1/YWHAH can regulate BMP2, BMP6 and 
BMP7 expression. The expression of BMP2 (a), BMP6 (b) and 
BMP7 (c) was detected by real-time RT-PCR after knocking 
down GREM1 in DPSCs. The expression of BMP2 (d), BMP6 (e) 
and BMP7 (f) was detected by real-time RT-PCR after YWHAH 
was knocked down in DPSCs. The expression of BMP2 (g), 
BMP6 (h) and BMP7 (i) was detected by real-time RT-PCR after 
YWHAH was overexpressed in DPSCs.

Fig 4a to e  GREM1 binds to YWHAH in DPSCs. Western blot 
showing individual signals (input, 1% lysate) and coimmunopre-
cipitated protein complexes (IP, 99% lysate). Co-IP results show-
ing more GREM1-YWHAH complexes in GREM1 overexpress-
ing DPSCs (a). Co-IP results showing fewer GREM1-YWHAH 
complexes in GREM1 silenced DPSCs (b). Co-IP results show-
ing more GREM1-YWHAH complexes in YWHAH overexpress-
ing DPSCs (c). Co-IP results showing fewer GREM1-YWHAH 
complexes in YWHAH silenced DPSCs (d). There were bind-
ing sites in the polypeptide array experimental group. The grey 
value analysis software Total Lab TL100 showed that protein 
binding polypeptide points 29, 46 and 47 have obvious colour 
rendering effects (e). GAPDH was used as an internal control.
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senescence and osteogenic differentiation potential and 
repressed BMP transcription. The present results pro-
vide new insights into the regulation of MSC functions 
and target the use of MSCs for bone regeneration. Thus, 
the authors conducted experiments to investigate the 
role of GREM1 in the osteo-/dentinogenic differentia-
tion and migration of DPSCs in vitro and in vivo. First, 
alkaline phosphatase (ALP) activity, alizarin red staining 
and scratch migration assays showed that knockdown 
of GREM1 promoted osteo-/dentinogenic differentia-
tion and migration of DPSCs in vitro. Our group has 

previously conducted in-depth studies on the ability of 
GREM1 knockdown to promote the osteogenic differen-
tiation of MSCs, and the ability of GREM1 overexpres-
sion to inhibit their osteogenic differentiation; however, 
to date, no experiments have confirmed the regulatory 
effect of GREM1 on the osteogenic differentiation of 
DPSCs in vivo. Therefore, we conducted subcutaneous 
implantation experiments in nude mice, and HE stain-
ing and immunohistochemical staining confirmed that 
knockdown of GREM1 promoted osteo-/dentinogenic 
differentiation of DPSCs in vivo. To explore the regula-

Fig 5a to l  Knockdown of YWHAH sup-
pressed the osteo-/dentinogenic differentia-
tion of DPSCs in vitro. Western blot showing 
YWHAH expression (a). Real-time RT-PCR 
showed the knockdown efficiency of YWHAH 
in DPSCs (b). ALP activity assay (c). Alizarin 
red staining (d). Quantitative calcium analysis 
(e). The expression of DSPP (f), DMP1 (g) and 
BSP (h), OPN (i) and OCN (j) was detected by 
real-time RT-PCR at 14 days after induction. 
The results of the scratch-simulated wound 
migration assay (k and l). GAPDH was used 
as an internal control. A Student t test was 
performed to determine statistical signifi-
cance. All error bars represent the standard 
deviation (n = 6). *P ≤ 0.05, **P ≤ 0.01.
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tory mechanism of GREM1, we performed a co-IP assay 
and found that GREM1 can bind to YWHAH in DPSCs. 
Functional verification revealed that YWHAH knock-
down suppressed the osteo-/dentinogenesis of DPSCs in 
vitro, whereas YWHAH overexpression promoted the 
osteo-/dentinogenesis of DPSCs in vitro. The product of 
the YWHAH gene is the 14-3-3 eta protein.25-27 The 14-3-3 
proteins are a family of conserved regulatory molecules 
expressed in all eukaryotic cells. A striking feature of 
these proteins is their ability to bind a multitude of func-
tionally diverse signaling proteins, including kinases, 

phosphatases and transmembrane receptors.28,29 This 
plethora of interacting proteins allows 14-3-3 to play im-
portant roles in a wide range of vital regulatory process-
es, such as mitogenic signal transduction, apoptotic cell 
death and cell cycle control.30,31 Acronyms14-3-3 family 
proteins interact with many signalling molecules, such 
as MAPK kinase, Raf-1, Wee1, Cdc25, cyclin B1, protein 
kinase C, IGF-I receptor, insulin receptor substrate 1, 
Bad and Bcl, and regulate several signal transduction 
pathways. Additionally, 14-3-3 proteins help two mol-
ecules interact or interrupt the association between 

Fig 6a to l  Overexpression of YWHAH pro-
moted the osteo-/dentinogenic differentia-
tion of DPSCs in vitro. Western blot showing 
YWHAH expression (a). Real-time RT-PCR 
showed the overexpression efficiency of 
YWHAH in DPSCs (b). ALP activity assay 
(c). Alizarin red staining (d). Quantitative cal-
cium analysis (e). The expression of DSPP 
(f), DMP1 (g) and BSP (h), OPN (i) and OCN 
(j) was detected by real-time RT-PCR at 14 
days after induction. The result of scratch-
simulated wound migration assay (k and l). 
GAPDH was used as an internal control. A 
Student t test was performed to determine 
statistical significance. All error bars repre-
sent the standard deviation (n = 6). *P ≤ 0.05, 
**P ≤ 0.01.
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them by functioning as molecular scaffolds.32 How-
ever, the effect of YWHAH on osteogenic differentia-
tion of dental stem cells is still unclear, and the pres-
ent study demonstrated for the first time the ability of 
YWHAH to promote the differentiation of dental pulp 
stem cells. Through the above experiments, we suggest 
that YWHAH might be an important downstream gene 
of GREM1 that regulates BMP expression and stem cell 
function. In the future, we will conduct further research 
on the GREM1-YWHWH complex interaction and the 
effect of small molecule polypeptides on the differentia-
tion of DPSCs to lay a foundation for the application of 
small molecule preparations in root regeneration and 
clinical practice.

Conclusion

In conclusion, the present findings highlight the key 
role played by GREM1 in osteo-/dentinogenic differen-
tiation of DPSCs, which may be a potential target gene 
for promoting MSC osteo-/dentinogenic differentiation 
and tissue regeneration. 
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Fig 7a to f  Overexpression of 
YWHAH promoted the osteo-/
dentinogenic differentiation of 
DPSCs in vivo. HE staining results 
showing bone/dentine-like tissue 
formation. Scale bar 100 μm. B, 
bone/dentine-like tissues; CT, 
connective tissue; MC, mineral 
collagen (a). Quantitative meas-
urement of the HE staining results 
(b). Immunohistochemical stain-
ing and quantitative analysis of 
DSPP (c and d). Immunohisto-
chemical staining and quantita-
tive analysis of BSP. Scale bar: 
50 μm (e and f). A Student t test 
was performed to determine stat-
istical significance. All error bars 
represent the standard deviation 
(n = 6). *P ≤ 0.05, **P ≤ 0.01.
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ry properties, in promoting new periodontal tissue.5-7 
However, patients with periodontitis suffer from an 
inflammatory environment that not only reduces the 
number of local mesenchymal stem cells (MSCs), but 
also impairs the function of autologous MSCs, hinder-
ing tissue regeneration.8,9 Hence, it is imperative to 
improve the function and survival of MSCs in the peri-
odontal microenvironment.10

The αβ-heterodimeric transcription factor, hypoxia-
inducible factor-1 (HIF-1), has been investigated exten-
sively due to its ability to enhance the self-renewal, 
proliferation and post-homing differentiation of stem 
cells.11,12 The stability of HIF-1 and the alterations in 
gene expression caused by hypoxia have a significant 
impact on the microenvironment of inflammatory 
tissues and the outcomes of diseases.13-16 Vascular 
endothelial growth factor (VEGF), which is regulated 
by HIF-1, is one of the earliest known angiogenic fac-
tors and functions as a pro-survival factor to safeguard 
cells damaged by inflammation.17 The overexpression 
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PHD2 shRNA-Modified Bone Marrow Mesenchymal Stem 
Cells Facilitate Periodontal Bone Repair in Response to 
Inflammatory Condition 
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Objective: To investigate whether bone marrow mesenchymal stem cells (BMMSCs) modulate 
periodontal bone repair through the hydroxylase domain-containing protein 2 (PHD2)/hypox-
ia-inducible factor-1 (HIF-1) signalling pathway in response to inflammatory conditions.
Methods: Osteogenic differentiation of PHD2 shRNA-modified BMMSCs and the possible 
mechanism were explored in an inflammatory microenvironment stimulated by porphyro-
monas gingivalis lipopolysaccharide (Pg-LPS) in vitro. The effect of PHD2 gene-modified 
BMMSCs on periodontal bone loss was evaluated with experimental periodontitis. 
Results: Pg-LPS stimulation greatly impaired the osteogenic differentiation of BMMSCs, 
whereas the silence of PHD2 significantly enhanced the osteogenesis of BMMSCs. More im-
portantly, increased level of vascular endothelial growth factor (VEGF) was detected under 
Pg-LPS stimulation, which was verified to be associated with the augmented osteogenesis. In 
experimental periodontitis, PHD2-modified BMMSCs transplantation elevated osteogenic par-
ameters and the expression of VEGF in periodontal tissue. 
Conclusion: This study highlighted that PHD2 gene silencing could be a feasible approach to 
combat inflammatory bone loss by rescuing the dysfunction of seed cells.
Keywords: BMMSCs, HIF-1, inflammation, PHD2, VEGF
Chin J Dent Res 2024;27(3):215–224; doi: 10.3290/j.cjdr.b5698385

Periodontitis is an inflammatory and destructive disease 
in periodontal tissue caused by microbial pathogens.1,2 
Most treatments for periodontitis have limited regener-
ation effectiveness due to the unpleasant inflammatory 
microenvironment.3,4 Increasing evidence indicates 
that bone marrow mesenchymal stem cells (BMMSCs) 
have major advantages, especially immunomodulato-
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of VEGF in human MSCs led to an increase in the depo-
sition of mineralised extracellular matrix and the pro-
motion of tissue mineralisation through an autocrine 
pathway.18 

In normoxia, prolyl hydroxylases (PHDs) induced 
proteasomal degradation of HIF-1, with PHD2 being 
the primary enzyme responsible for downregulating 
HIF-1α expression.11 Recently, PHD inhibitors have 
shown promise in cell-based therapy and bone tissue 
engineering.19-21 The use of lentivirus-based vectors 
has been found to provide stable expression of genes 
in transplanted cells. Earlier studies by the present 
authors’ team found that PHD2 gene interference 
in stem cells induced resistance to oxidative stress 
and enhanced periodontal tissue repair, suggesting 
potential applications of the PHD2/HIF-1 signalling 
pathway in periodontal regeneration.22,23 Nonetheless, 
the regulation of the periodontal inflammatory micro-
environment and the subsequent effects on periodon-
tal tissue regeneration of PHD2-silenced BMMSCs in 
periodontitis treatment are unclear. Thus, the present 
authors hypothesised that the PHD2/HIF-1 signalling 
pathway might also modulate the osteogenic process 
of PHD2-silenced BMMSCs in an inflammatory micro-
environment.

Porphyromonas gingivalis lipopolysaccharide (Pg-LPS) 
is known to play a significant role in the pathogenesis 
of periodontitis, exhibiting high toxicity and antigenic-
ity towards periodontal tissue.24-26 In the present study, 
Pg-LPS was utilised to induce an inflammatory micro-
environment in vitro, with the aim of investigating 
whether the osteogenic differentiation of PHD2 gene-
modified BMMSCs could be enhanced under such 
conditions. Furthermore, the potential impact of rat 
BMMSCs with PHD2 gene modification on periodontal 
regeneration was assessed in ligature-induced experi-
mental periodontitis models. All experimental proced-
ures described were approved by the Animal Ethics 
Committee of Nanjing University (IACUC-2003053).

Materials and methods

Cell culture

Primary BMMSCs of Sprague-Dawley (SD) rats were iso-
lated and purified by AllCells (Alameda, CA, USA), and 
their phenotype was identified. The cells were recov-
ered and cultured in low glucose Dulbecco’s modified 
Eagle medium (DMEM; Gibco, Grand Island, NY, USA) 
containing 10% foetal bovine serum (FBS; Gibco) and 
1% penicillin/streptomycin (HyClone, Logan, UT, USA) 

at 37°C in 5% CO2. The cells were used between passages 
2 and 4. 

Lentiviral vector infection of BMMSCs

Construction and sequencing of plasmids, packaging 
and purification of lentiviral vectors were performed by 
a commercial source (GenePharma, Shanghai, China). 
The short hairpin RNA (shRNA) interference sequence 
and the method of lentiviral vector infection of BMMSCs 
are based on a previous report by the present authors.23 
Third-generation BMMSCs were seeded in 6-well plates 
at a density of 1×105 cells/well and cultured at 37°C and 
5% in an incubator. BMMSCs were divided into three 
groups: the sh-PHD2 group (lentiviral RNA interference 
vector), the NC group (negative control of the lentiviral 
vector) and the CON group (no lentiviral vector). Then, 
the cells were cultured for 48 hours. The infection and 
status of BMMSCs were observed by routine optical mi-
croscopy and inverted fluorescence microscopy. PHD2 
gene silencing of BMMSCs was assayed for HIF-1α and 
PHD2 expression by western blot (WB).

Osteogenic differentiation

After PHD2 gene silencing, the growth medium was 
replaced with osteogenic differentiation medium 
(α-MEM with 10% FBS, 0.1 μM dexamethasone, 50 μg/
ml L-ascorbic acid and 10 mM β-glycerophosphate). The 
osteogenic culture medium was replaced every 3 days. 

To stimulate the inflammatory microenvironment in 
vitro, BMMSCs were treated with Pg-LPS (1 μg/ml)24 for 
72 hours. The osteogenic culture medium with Pg-LPS 
was replaced every 3 days. On day 4 of osteogenic 
induction, the mRNA levels of VEGF were assayed by 
q-PCR. On day 7 of osteogenic induction, the total 
protein levels of osteogenesis-related parameters were 
measured by WB.

RNA preparation and q-PCR

Total RNA was extracted by TRIzol Reagent (Thermo 
Fisher Scientific, Carlsbad, CA, USA), and cDNA was 
prepared using the PrimeScript RT Reagent kit (TaKaRa 
Bio, Otsu, Japan). Amplification and detection of cDNA 
were performed using a ViiA 7 Real-Time PCR System 
(Thermo Fisher Scientific) with primers (GenScript, 
Nanjing China) and Maxima SYBR Green/ROX qPCR 
Master Mix (Thermo Fisher Scientific). The primers 
used in the experiments are shown in Table 1. The rela-
tive gene expression level was normalised to that of the 
internal control (GAPDH) based on the 2-ΔΔCt method.
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Enzyme-linked immunosorbent assay (ELISA)

BMMSCs from different groups were cultured with Pg-
LPS in osteogenic culture media as previously described. 
The supernatant of cells was collected on day 4 and cen-
trifuged at 3000 rpm/minute for 10 minutes to remove 
dead cells and debris. A Quantikine ELISA kit was used 
to detect the concentration of VEGF (Neobioscience, 
Shenzhen, China).

WB analysis

Total protein was extracted by RIPA lysis Buffer (Beyo-
time Institute of Biotechnology, Shanghai, China) and 
the concentration of protein was determined using a 
BCA protein Assay Kit (Beyotime Institute of Biotechnol-
ogy). Proteins of the same quantity were separated by 
SDS-PAGE (Genscript) and transferred to a PVDF mem-
brane, and the membranes were blocked with 5% bovine 
albumin (Sigma, Louis, MO, USA). Protein expression 
levels in different groups were measured with PHD2 
(Cell Signaling Technology, Danvers, MA, USA), HIF-
1α (Abcam, USA), ALP (Santa Cruz, CA, USA), Runx 2 
(Abcam, USA) and COL-I (Proteintech, Rosemont, IL, 
USA) primary antibodies, and GAPDH (Bioworld Tech-
nology, St Louis Park, MN, USA) expression served as an 
internal control. Membranes were exposed to an ECL 
reagent (Vazyme Biotech, Nanjing, China), and antibody 
binding was visualised using a Tanon 5200 Luminescent 
Imaging Workstation (Tanon, Shanghai, China).

ALP and alizarin red S (ARS) staining

BMMSCs were cultured and treated as described in pre-
vious steps at a density of 5×104 cells/well in 12-well 
plates. The cells were washed with PBS and then fixed 
with 4% paraformaldehyde for 30 minutes. ALP staining 
was performed on day 7 of osteogenic differentiation, 
then the plates were stained with a BCIP/NBT alkaline 
phosphatase staining kit (Beyotime Institute of Biotech-
nology). Mineral deposition was performed on day 14 of 
osteogenic differentiation. The cells were examined by 
ARS staining (Sigma-Aldrich, St. Louis, MO, USA) accord-
ing to the manufacturer’s instructions. The unbound 
dyes were washed with distilled water. All plates were 
examined using an inverted optical microscope (Olym-

pus IMT-2, Tokyo, Japan), and digital images were saved. 
The percentage of mineralized nodules and staining 
areas were calculated using Image J software (National 
Institutes of Health, Bethesda, MD, USA).

VEGFR inhibitor treatment

After PHD2 gene silencing, the sh-PHD2+LPS group was 
treated with 1 μM of the VEGFR inhibitor tivozanib (Sell-
eck Chemicals, Houston, TX, USA) for 30 minutes27; sam-
ples without inhibitor treatment served as controls. The 
inhibitor treatment continued in subsequent osteogenic 
induction experiments. WB analysis and mineral deposi-
tion were measured to assess osteogenic differentiation.

Ligation-induced experimental periodontitis model

Five-week-old female SD rats (weighing approximately 
200 g) were maintained under specific pathogen-free 
conditions. They were randomly divided into four study 
groups (n = 5): 1) the Lig group, with ligature alone; 2) the 
MSC+Lig group, with ligature and 100 μL of transplanted 
BMMSCs; 3) the NC+Lig group, with ligature and 100 μL 
of BMMSCs infected with negative control of lentiviral 
vector; and 4) the sh-PHD2+Lig group, with ligature and 
100 μL of BMMSCs infected with lentiviral RNA interfer-
ence vector. Briefly, 4-0 silk ligatures were ligated firmly 
and subgingivally around the rats’ maxillary left second 
molars. The ligature process was conducted for up to 
14 days in the periodontitis model while pathogenic 
bacteria of periodontitis were enriched in the ligature 
silk. Then, the BMMSCs with different treatments were 
dissociated in 0.9% NaCl (1 × 106 cells/ml), and the cell 
suspensions were injected into the mesial, middle and 
distal sites of the palatal gingival tissues around the liga-
tured molar with a 100 μL microsyringe (Hamilton, Bon-
aduz, Switzerland). Stem cell treatment was performed 
every 2 days. After 2 weeks of cell transplantation, all 
rats were sacrificed, and the left maxillary bones were 
collected for further experimental analysis.

Microcomputed tomography (microCT) scanning 

After being placed in 4% paraformaldehyde fixative solu-
tion for 48 hours, the maxillary bones of the SD rats were 
scanned with a microCT machine (Bruker, Karlsruhe, 

Table 1  Primer sequences.

Primer name Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)
GAPDH TGAAGGGTGGAGCCAAAAG AGTCTTCTGGGTGGCAGTGAT
VEGF GGCTCTGAAACCATGAACTTTCT GCAATAGCTGCGCTGGTAGAC
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Germany). The scanning parameters were based on an 
acquisition protocol (70 kV, 353 μA and 18 μm voxel size). 
The data were reconstructed and imported into CTVox 
and CTAn software to obtain 3D model reconstruction 
and osteogenic parameters.

Histological examination

After fixation with 4% paraformaldehyde, all specimens 
were placed in 10% EDTA decalcifying solution (EDTA, 
Servicebio, Wuhan, China) for 2 months at room tem-
perature. Histological sections (5 μm) were cut buc-
colingually for haematoxylin and eosin (HE), Masson 
trichrome and immunohistochemistry staining (all 
Servicebio). Sections were scanned with Panoramic 
MIDI (3DHistech, Budapest, Hungary) and examined 
with CaseViewer software (3DHistech). For VEGF stain-
ing, the positive area of each section was identified and 
quantified with Image J software.

Statistical analysis

All experimental data are presented as mean ± stand-
ard deviation (SD). After normalisation evaluation, the 
differences were evaluated by one-way ANOVA. A two-
tailed P < 0.05 was considered statistically significant. 
The statistical graphs were produced with GraphPad 
Prism 8 (GraphPad Software, La Jolla, CA, USA).

Results

Effect of PHD2 silencing on osteogenesis of BMMSCs 
under inflammatory conditions

After lentiviral infection for 72 hours, the MOI 200 group 
had obviously higher expression of green florescence 
protein than the MOI 100, MOI 150 and MOI 300 groups, 
and cells grew well in radial shape (Fig 1a). Hence, MOI 
200 was chosen for the following experiments. Under 
normoxic conditions, WB analysis showed that the con-
structed lentiviral RNA interference vector could suc-
cessfully silence the PHD2 gene of BMMSCs and activate 
the downstream HIF-1α-related pathway (Fig 1b). 

Compared with those of the CON group, sh-PHD2 
group and NC group, the total protein expression 
level, ALP staining and ARS staining were decreased 
in the CON+LPS, sh-PHD2+LPS and NC+LPS groups; 
however, these osteogenesis-related parameters in the 
sh-PHD2+LPS group were higher than those in the 
CON+LPS and NC+LPS groups under Pg-LPS stimulation 
(Fig 1c to e).

The angiogenic factor VEGF associated with the aug-
mented osteogenesis in an inflammatory environment

In the inflammatory microenvironment, the mRNA lev-
els of VEGF and the concentration of VEGF in the super-
natant in the sh-PHD2+LPS group were significantly 
increased (Fig 2a). To explore the role of VEGF in sh-
PHD2-promoted osteogenesis in BMMSCs in an inflam-
matory environment, the VEGFR inhibitor tivozanib 
was added during osteogenic induction. On day 7 during 
osteogenic induction, the osteogenesis-related protein 
expression in the sh-PHD2+LPS group was increased 
significantly compared with that of the NC+LPS group 
but decreased after the addition of VEGFR inhibitors 
(Fig 2b). ARS also showed deeper staining, more min-
eralised nodules and a larger staining area in the sh-
PHD2+LPS group than in the NC+LPS group on day 14 
during osteogenic induction, but this effect disappeared 
with the addition of the VEGFR inhibitor (Fig 2c).

Effects of the PHD2-silenced BMMSCs on bone repair 
in the SD rats with periodontitis

The present authors applied a well-established model 
of chronic periodontitis in rats to examine the effect of 
PHD2 silencing on its onset, which showed extensive 
periodontal tissue destruction between the first and 
second molars, including the proliferation of gingival 
epithelial spikes and the significantly decreased height 
of alveolar bone (supplementary material, provided 
on request). Then, BMMSCs with PHD2 gene silencing 
were implanted into the gingiva of the experimental 
periodontitis rats by local injection (Fig 3a). The recon-
structed images showed apparent bone resorption and 
furcation involvement of the second molar in the Lig 
group. The bone resorption in the sh-PHD2+Lig group 
exhibited a significant reduction in comparison to that 
of the Lig group and the remaining ligation groups 
(Fig 3b). The relative bone volume (BV/TV) in the sh-
PHD2+Lig group was notably higher than that of the Lig 
group and the other ligation groups, with no variance 
observed between the remaining ligation groups and the 
Lig group. The results indicated that bone mineral dens-
ity (BMD) was elevated in the sh-PHD2+Lig, MSC+Lig 
and NC+Lig groups compared with the Lig group. Spe-
cifically, the increase in BMD was most pronounced in 
the sh-PHD2+Lig group, followed by the MSC+Lig group 
and then the NC+Lig group (Fig 3c). 

HE and Masson trichrome staining showed that 
periodontal tissue damage was significantly reduced in 
the sh-PHD2+Lig group, which exhibited only a small 
amount of inflammatory cell infiltration and minor 



219Chinese Journal of Dental Research

LUO et al

changes in the gingival epithelium, periodontal liga-
ment fibres and alveolar bone. In contrast, periodontal 
damage was more pronounced in the other ligation 
groups (Fig 4a).

Furthermore, immunohistochemistry indicated that 
HIF-1α and VEGF expression in local periodontal tis-
sues changed. The sh-PHD2+Lig group expressed the 
highest levels of HIF-1α and VEGF between the first and 
second molars (Fig 4b and c). 

Discussion

BMMSCs are a potential resource for periodontal tis-
sue regeneration due to their multidifferentiation cap-
ability, wide spectrum of immunoregulatory effects and 
ease of expansion.6,7 Fair periodontal regeneration in 
a rat model of periodontitis was observed after local 
transplantation of allogeneic BMMSCs with tumour 
necrosis factor-α (TNF-α), interferon-gamma (IFN-γ) 

Fig 1a to e  PHD2 gene 
silencing affects the expres-
sion of osteogenesis-relat-
ed parameters in BMMSCs 
stimulated by Pg-LPS. 
Fluorescence images of 
BMMSCs transfected with 
the lentiviral vector at differ-
ent MOI values ranging from 
100 to 300 (scale bar 100 
μm) (a). The protein levels 
of PHD2 and HIF-1α after 
72 hours of transfection 
under normoxic conditions 
(b). On day 7 of osteogenic 
induction, total protein lev-
els of osteogenesis-related 
parameters, including COL-I 
and Runx 2, in the different 
groups were determined 
(c). ALP staining was per-
formed on day 7 (scale bar 
200 μm) (d) and ARS stain-
ing was performed on day 
14 of osteogenic induc-
tion (scale bar 50 μm) (e).  
**P < 0.01, ***P < 0.001.
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and interleukin-1beta (IL-1β) expression in periodontal 
defects.28 However, inflammatory cytokines and medi-
ators released after infection or environmental stress 
may lead to a decrease in the osteogenic differentiation 
ability of stem cells.9 Pg-LPS is an important pathogenic 
factor in the occurrence and development of periodon-
titis.25 Based on the poor osteogenic differentiation and 
immunomodulatory properties of BMMSCs,24 1 μg/ml 
Pg-LPS was chosen to create an inflammatory micro-
environment in the present study.

Hypoxia is a main component of the cell niche. As 
a master gene, HIF-1 regulates stem cell features such 
as multipotency and self-renewal.12 When PHD activ-
ity is suppressed, HIF-1α is stabilised and promotes 
the transcription of several hypoxia-inducible genes, 
including VEGF, erythropoietin (EPO) and basic fibro-
blast growth factor (bFGF).11 As the target gene of HIF-
1, VEGF was found to be the most important growth 
factor coupling angiogenesis and osteogenesis.17,18 
The vascularisation caused by VEGF can contribute 

Fig 2a to c  Effect of the 
angiogenic factor VEGF on 
the osteogenic differen-
tiation potential of PHD2-
silenced BMMSCs in an 
inflammatory environment. 
The mRNA expression lev-
els and secretion of VEGF 
of different groups: after 
addition of the VEGF recep-
tor inhibitor (a), the expres-
sion of osteogenic proteins 
was performed on day 7 (b) 
and ARS staining was per-
formed on day 14 of osteo-
genic induction (scale bar 
50 μm) (c). **P < 0.01, ***P 
< 0.001.
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to the formation of a neovascularisation network and 
blood supply for periodontal tissue. More interestingly, 
osteoblast differentiation is directly affected by VEGF 
via autocrine and intracrine mechanisms. It was shown 
that VEGF stimulated osteoblast differentiation through 
an intracellular mechanism involving the transcription 
factors Runx 2 and PPARV2, but not through paracrine 
signalling.29 Subsequent studies reported the effect 
of VEGF-VEGFR signalling pathways on the recovery 
from hypoxia-induced tissue damage,30 showing that 
HIF-1α has a possible effect on the NF-κB pathway, 
thereby connecting natural immunity, inflammation 
and ischaemia.31,32 In the present study, osteogenic 

differentiation of BMMSCs in the inflammatory micro-
environment was significantly decreased, and was 
improved after PHD2 gene silencing. Meanwhile VEGF 
level was increased in BMMSCs after PHD2 silencing, 
which was confirmed to be associated with enhanced 
osteogenesis. These results indicate that persistent 
silencing of the PHD2 gene could enhance the osteo-
genic differentiation of BMMSCs stimulated by Pg-LPS 
in vitro. In addition, VEGF plays a crucial role in pro-
moting the osteogenic differentiation of BMMSCs in an 
inflammatory environment, but further mechanisms 
of VEGF on stem cells against inflammation remain to 
be studied.

Fig 3a to c  Ligature-
induced experimental peri-
odontitis and stem cell 
transplantation. Illustration 
of the animal experiments. 
After ligation of the maxil-
lary left second molar in 
rats to establish the experi-
mental periodontitis model, 
PHD2-silenced BMMSCs 
transplantation was per-
formed locally (a). MicroCT 
reconstruction images 
showed the alveolar bone 
loss of the maxillary se-
cond molar (red line: the 
cementoenamel junction to 
the alveolar bone crest dis-
tance) (b). Parameters to 
evaluate new bone: BV/TV 
and BMD (c). *P < 0.05, **P 
< 0.01, ***P < 0.001 .
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Based on previous in vitro results, the present 
authors further explored the therapeutic effect of 
PHD2 gene-silenced BMMSCs on periodontal defects 
in rats. The ligation-induced experimental periodontitis 
model is a traditional approach to induce periodontitis 
similar to that in humans caused by microbial plaque 
accumulation. An experimental periodontitis model 
established by 2 weeks of silk ligation in rats could 
simulate periodontal inflammation and bone loss due 
to microbiome shifts.33 Cell injection therapy can elim-

inate the adverse effects of degradation scaffolds or 
complicated manipulation,34 and has been confirmed 
to effectively promote periodontal tissue regeneration 
in animal models.35,36 With continuous transplantation 
of the cell suspension for 2 weeks, inflammatory peri-
odontal tissue and bone resorption were significantly 
reduced, greater BV/TV and BMD values were observed, 
and higher levels of HIF-1α and VEGF in periodontal 
tissue were found in the sh-PHD2+Lig group. For BMD, 
the difference between the sh-PHD2+Lig group and 

Fig 4a to c  Histological 
observation of the ligatured 
areas in SD rats. HE and 
Masson trichrome staining 
were performed to observe 
the morphological changes 
of the periodontal tissues, 
including gingival tissues, 
alveolar bone and the peri-
odontal ligament (C, crown; 
R, root; AB, alveolar bone; 
PDL, periodontal ligament; 
black arrow, alveolar ridge 
crest; scale bar 200 μm) 
(a). Positive expression 
of HIF-1α in the different 
groups and their quantita-
tive analysis (scale bar 200 
and 50 μm) (b). Positive 
expression of VEGF in the 
different groups and their 
quantitative analysis (scale 
bar 200 and 50 μm) (c).  
**P < 0.01, ***P < 0.001.
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the NC+Lig group was not significant, probably due to 
the limited experimental time or the limited effect of 
PHD2 silencing on the mineralisation degree of the new 
alveolar bone during inflammation, which still needs 
further exploration. Moreover, the expression of HIF-
1α in periodontal tissues in the sh-PHD2+Lig group was 
more obvious than that in the Lig group, as well as the 
other ligation groups. These results suggest that local 
injection of the PHD2-silenced BMMSCs can promote 
the expression of HIF-1α in periodontal inflammatory 
tissues in rats. Further exploration revealed that down-
stream VEGF expression in local periodontal tissues 
changed after HIF-1 activation. Based on the present 
study, BMMSCs coupled with PHD2 gene silencing have 
the potential to generate a better outcome for periodon-
tal repair.

To further develop the application of PHD2 gene 
silencing in BMMSCs, the present authors note the limi-
tations of this study. Local injection of cell suspension 
could cause cell loss due to the fluidity of the suspen-
sion and requires repeated operation to obtain satisfac-
tory results, which is time-consuming and laborious. 
Recent studies found that cell sheet tissue engineering 
can be used to harvest cells together with endogenous 
extracellular matrix and intact cell–cell interactions, 
avoiding cell loss and retaining the microenvironment 
of the cells.37,38 In addition, periodontal ligament and 
cementum regeneration, beyond the alveolar bone, are 
the two vital and challenging parts of periodontitis ther-
apy that should be explored further.

Conclusion

In summary, the present study demonstrates that len-
tiviral-mediated RNA interference had the potential to 
upregulate the expression of VEGF and promote the 
osteogenic differentiation of BMMSCs in an inflam-
matory environment. Additionally, PHD2-silenced 
BMMSCs may effectively inhibit periodontal inflamma-
tion and bone resorption. Further studies are needed 
to clarify the mechanism of PHD2-silenced BMMSCs 
on periodontal regeneration and immune regulation of 
the periodontal microenvironment. (This manuscript 
was preprinted on research square URL https://doi.
org/10.21203/rs.3.rs-1291789/v1.)  
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Periodontitis is a multifactorial chronic infectious dis-
ease primarilly caused by bacteria. The main manifes-
tations are gingival soft tissue inflammation and alveo-
lar bone loss, which can eventually lead to tooth loss. 
Studies have shown that there is mitochondrial dys-
function in gingival fibroblasts of patients with chronic 
periodontitis, including increased production of reac-
tive oxygen species (ROS), mitochondrial structure 
abnormality, mitochondrial DNA (mtDNA) reduction 
and mutation,1,2 decreased mitochondrial membrane 
potential and increased oxygen consumption,3 of which 
the latter is pathological. As a result, adenosine triphos-
phate (ATP) production is abnormally reduced whereas 
ROS production is increased, leading to a vicious cycle 
of continuous oxidative stress and aggravated tissue 
damage.4
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CB1 Promotes Osteogenic Differentiation Potential 
of Periodontal Ligament Stem Cells by Enhancing 
Mitochondrial Transfer of Bone Marrow Mesenchymal  
Stem Cells 
Lan LUO1,2, Wan Hao YAN2, Feng Qiu ZHANG1, Zhi Peng FAN2

Objective: To reveal the role and mechanism of cannabinoid receptor 1 (CB1) and mitochon-
dria in promoting osteogenic differentiation of periodontal ligament stem cells (PDLSCs) in the 
inflammatory microenvironment. 
Methods: Bidirectional mitochondrial transfer was performed in bone mesenchymal stem cells 
(BMSCs) and PDLSCs. Laser confocal microscopy and quantitative flow cytometry were used 
to observe the mitochondrial transfer and quantitative mitochondrial transfer efficiency. Real-
time reverse transcription polymerase chain reaction (RT-PCR) was employed to detect gene 
expression. Alkaline phosphatase (ALP) activity, alizarin red staining (ARS) and quantitative 
calcium ion analysis were used to evaluate the degree of osteogenic differentiation of PDLSCs.
Results: Bidirectional mitochondrial transfer was observed between BMSCs and PDLSCs. 
The indirect co-culture system could simulate intercellular mitochondrial transfer. Compared 
with the conditioned medium (CM) for BMSCs, that for HA-CB1 BMSCs could significantly 
enhance the mineralisation ability of PDLSCs. The mineralisation ability of PDLSCs could not 
be enhanced after removing the mitochondria in CM for HA-CB1 BMSCs. The expression level 
of HO-1, PGC-1α, NRF-1, ND1 and HK2 was significantly increased in HA-CB1 BMSCs.
Conclusion: CM for HA-CB1 BMSCs could significantly enhance the damaged osteogenic dif-
ferentiation ability of PDLSCs in the inflammatory microenvironment, and the mitochondria of 
CM played an important role. CB1 was related to the activation of the HO-1/PGC-1α/NRF-1 mito-
chondrial biogenesis pathway, and significantly increased the mitochondrial content in BMSCs.
Keywords: bone marrow mesenchymal stem cells, CB1, mitochondrial transfer, osteogenic dif-
ferentiation, periodontal membrane stem cells,
Chin J Dent Res 2024;27(3):225–234; doi: 10.3290/j.cjdr.b5698381
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It is well known that mitochondria produce most of 
the energy a cell needs through oxidative phosphoryla-
tion, and an increasing number of studies have shown 
that the energy supply conversion from glycolysis to aer-
obic metabolism is the key to osteogenic differentiation 
of mesenchymal stem cells.5 Optimal periodontal tissue 
regeneration depends on mesenchymal stem cells, es-
pecially PDLSCs; however, inflammatory stimulation 
leads to decreased function of PDLSCs and impaired 
mitochondrial function, making it difficult for PDLSCs 
to meet the requirements of tissue regeneration. The 
physiological characteristics of healthy mitochondria, 
including replication, division, fusion, degradation, 
intracytoplasmic movement and intercellular transfer, 
make it possible to eliminate and replace damaged 
mitochondria in cells.6,7 Thus, saving the damaged mito-
chondrial function of cells to promote the proliferation 
and differentiation of PDLSCs has become the key to 
periodontal tissue regeneration therapy.

CB1 is an important component of the endocannabi-
noid system and is involved in regulating the prolifera-
tion and differentiation of mesenchymal stem cells and 
hematopoietic stem cells.8 Studies have shown that oste-
ocyte derived 2-arachidonic glycerol (2-AG) activates CB1 
receptor of bone sympathetic nerve endings and inhibits 
norepinephrine (NE) release, thus alleviating tonic inhi-
bition of the sympathetic nervous system on bone forma-
tion and promoting bone formation.9 In addition, recent 
studies have found that CB1 exists in the membrane of 
mouse neuron mitochondria, directly controlling cell 
respiration and energy production.10 In addition, the 
present authors’ previous research results also showed 
that CB1 can improve the oxidative phosphorylation 
function of mitochondria in BMSCs in the inflammatory 
environment simulated by tumour necrosis factor alpha 
(TNF-α), thus preserving the damaged osteogenic differ-
entiation function of BMSCs in the inflammatory state.11 
This evidence suggested that CB1 may play an important 
role in regulating mitochondrial function in inflamma-
tory environments. Thus, the mechanism by which CB1 
regulates the osteogenic differentiation ability of mesen-
chymal stem cells by regulating mitochondrial function 
deserves further investigation.

In this study, 10 ng/ml TNF-α was used to simulate 
the inflammatory microenvironment, and conditioned 
medium (CM) was employed to simulate intercellular 
mitochondrial transfer in an indirect co-culture sys-
tem. The mechanism of the effect of HA-CB1 BMSCs 
on osteoblast differentiation of PDLSCs through mito-
chondrial transfer was investigated, and the application 
prospect of mitochondrial transfer replacement ther-
apy in periodontal tissue regeneration was explored.

Materials and methods

Cell culture

PDLSCs were derived from the impacted third molar or 
teeth that needed to be removed for orthodontic treat-
ment after patients had provided informed consent and 
following the rules approved by the Beijing Stomato-
logical Hospital, Capital Medical University (Ethics 
Committee Agreement, Beijing Stomatological Hospi-
tal Ethics Review CMUSH-IRB-KJ-PJ-2023-13). BMSCs 
were purchased from Cyagen Biosciences (Guangzhou, 
China). PDLSCs and BMSCs were stimulated with 10 ng/
ml TNF-α to simulate the inflammatory environment.

Plasmid construction and viral infection

According to previous methods used by the present 
authors,11 the pQCXIN-HA-CB1 plasmid was construct-
ed and infected with the virus. CB1 shRNA and control 
shRNA lentiviruses were purchased from GenePharma 
(Shanghai, China). Stable transfected HA-CB1 BMSCs 
and CB1sh BMSCs were obtained after transfection. 
MitoDsRed and mitoEGFP lentiviruses were purchased 
from Gikat Corporation (Shanghai, China) for localisa-
tion of intracellular mitochondria. Control LVCON525 
and mitoDsRed and mitoEGFP viruses were transfected 
with BMSCs and PDLSCs, respectively. The stable trans-
fected cells of mitoDsRed BMSCs, mitoEGFP PDLSCs, 
mitoEGFP BMSCs and mitoDsRed PDLSCs were con-
firmed under a fluorescence microscope. 

Intracellular mitochondrial staining and cell staining

MitoDeepRed (Invitrogen, Waltham, MA, USA) was 
used to stain cells to locate intracellular mitochondria. 
5(6)-carboxyfluorescein diacetate N-succinimidyl ester 
(CFSE) (Beyotime Biotechnology, Shanghai, China) was 
used to label cells. When the cells grew to 80% to 90% 
confluence, the present authors removed the superna-
tant and washed the cells twice with phosphate-buffered 
saline (PBS). The MitoDeepRed working dye or CFSE dye 
solution was added to the cells at 37°C and in a 5% CO2 
environment for 30 minutes. The efficiency of cell stain-
ing was confirmed by quantitative flow cytometry.

Real-time reverse transcription polymerase chain 
reaction (RT-PCR)

Total RNA extraction, reverse transcription and real-
time RT-PCR procedures were described previously.12 
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The Icycler iQ multi-color real-time RT-PCR detection 
system was used, and the QuantiT ect SYBR Green PCR 
kit was employed for real-time RT-PCR reaction. Primer 
sequences for specific genes are shown in Table 1.

Establishing a cell co-culture system

The direct cell co-culture system was established by 
mixing cell suspension containing 1 × 105 BMSCs and 
1 × 105 PDLSCs evenly and inoculating them in six-well 
plates or 35-mm laser confocal culture dishes. 
  The present authors established the indirect cell 
co-culture system based on the method described in 
the study by Hayakawa et al.13 When BMSCs grew to 
a confluent degree of 80%, the complete medium was 
changed into DMEM containing 1% penicillin and strep-
tomycin (P+S). The supernatant was collected 24 hours 
later, which was the CM containing mitochondria of 
BMSCs. CM was centrifuged at a high speed of 2000 g for 
10 minutes, cell precipitation was removed and super-
natant was collected. The mitochondria-depleted CM 
(mdCM) was obtained by filtering CM through a 0.22-
µm filter. CM or mdCM and adherent PDLSCs were co-
cultured for 24 hours. The experimental technique is 
shown in Fig S1 (provided on request). 

Laser scanning confocal microscopy

After direct or indirect co-culture, the supernatant was 
discarded and washed with PBS three times. The cells 
were fixed with 4% paraformaldehyde at room tempera-
ture for 30 minutes, washed with PBS three times, and 

anti-fluorescence quenching sealing tablets (including 
DAPI) were added. The cells were observed and photo-
graphed under a laser confocal microscope. 

Flow cytometry

The direction and efficiency of mitochondrial metasta-
sis were analysed by quantitative flow cytometry. Adher-
ent cells after 24 hours of direct or indirect co-culture 
were washed three times using PBS, followed by cell 
digestion using 0.25% ethylenediaminetetraacetic acid 
(EDTA)-free trypsin, and the cell suspension was collect-
ed and centrifuged at 1,100 rpm for 5 minutes. After the 
supernatant was discarded, the cells were resuspended 
in complete medium and analysed through flow cytom-
etry. In order to perform single positive analysis of sam-
ples, the present authors used an FACS dot plot to gate 
mitoDsRed positive cells on APC channel. To perform 
double-positive analysis of samples, we gated mitoD-
sRed positive cells using FACS dot plots on APC channels 
and analysed mGFP or CFSE signals of cell populations 
using FACS dot plots on FITC channels. 

Alkaline phosphatase (ALP) activity assay and aliza-
rin red detection

The osteogenic induction medium was prepared in a 
similar way to in the present authors’ previous study,14 
which performed osteogenic induction of periodontal 
ligament stem cells. ALP activity was determined using 
an ALP activity kit. To detect the mineralisation potential 
of PDLSCs, the latter were fixed with 70% ethanol and 

Table 1  Real-time RT-PCR primer sequence. 

Gene Primer sequence
GAPDH-FORWARD               5’-CGGACCAATACGACCAAATCCG-3’
GAPDH-REVERSE               5’-AGCCACATCGCTCAGACACC-3’
CB1-FORWARD                 5’-CGGACCAATACGACCAAATCCG-3’
CB1-REVERSE               5’-AGCCACATCGCTCAGACACC-3’
HO-1-FORWARD                 5’-TTCTTCACCTTCCCCAACATTG-3’
HO-1-REVERSE                 5’-CAGCTCCTGCAACTCCTCAAA-3’
PGC-1Α-FORWARD             5’-AGCCTCTTTGCCCAGATCTT-3’
PGC-1Α-REVERSE               5’-GCAATCCGTCTTCATCCACC-3’
NRF1-FORWARD                 5’-ACATACTCAACTCCACGGCA-3’
NRF1-REVERSE                 5’-ATGTGGCTCTGAGTTTCCGA-3’
ND1-FORWARD                 5’-CACACTAGCAGAGACCAACCGAAC-3’
ND1-REVERSE                   5’-CGGCTATGAAGAATAGGGCGAAGG-3’
HK2-FORWARD                 5’-GCCAGCCTCTCCTGATTTTAGTGT-3’
HK2-REVERSE 5’-GGGAACACAAAAGACCTCTTCTGG-3’

CB1, cannabinoid receptor I; HK2, hexokinase gene 2; HO-1, heme oxygenase-1; ND1, NADH dehydrogenase 1; NRF-1, nuclear respira-
tory factor-1; PGC-1α, PPARγ co-activator 1α.
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stained with 2% alizarin red 2 weeks after osteogenesis 
induction. After scanning the staining results, calcium 
ion levels were measured using 10% w/v O-crephenol-
phthalein complex ketone (CPC) as described above.14 

Statistical analysis

The relative expression content of each index was meas-
ured using SPSS 16.0 software (IBM, Chicago, IL, USA). 
A t test was used to compare the measurement data be-
tween the two groups, and a one-way analysis of vari-
ance was performed to compare the measurement data 
between multiple groups. The level of statistical signifi-
cance was set at P ≤ 0.05. 

Results

Direct co-culture of BMSCs and PDLSCs could induce 
mitochondrial transfer

To confirm the presence of mitochondrial transfer be-
tween BMSCs and PDLSCs, mitoDsRed and mitoEGFP 
mitochondrial localisation lentivirus were used to trans-
fect cells to obtain mitoDsRed BMSCs and mitoEGFP 

PDLSCs. The two cells were mixed in a ratio of 1:1 and 
inoculated in a confocal laser culture dish. The mix-
ture was observed under a confocal laser microscope 
24 hours later. Red and green fluorescence overlap-
ping regions were observed between red fluorescent 
cells (mitoDsRed BMSCs) and green fluorescent cells 
(mitoEGFP PDLSCs), which revealed that mitochondria 
exchanged between cells (Fig 1a and b). Next, the pres-
ent authors examined the direction and efficiency of 
mitochondrial transfer between cells. MitoDeepRed 
and CFSE dyes were used to label PDLSCs and BMSCs, 
respectively, to obtain mitoDeepRed PDLSCs, mitoDeep-
Red BMSCs, CFSE PDLSCs and CFSE BMSCs. MitoDeep-
Red BMSCs and CFSE PDLSCs, mitoDeepRed PDLSCs 
and CFSE BMSCs were mixed in a ratio of 1:1, respective-
ly, and inoculated in the six-well plate. 0.25% EDTA free 
pancreatic enzyme was used to harvest cells 24 hours 
later, and the double positive cell rate of DeepRed and 
CFSE was analysed by quantitative flow cytometry. Flow 
cytometry (Fig 1c) showed that bidirectional mitochon-
drial transfer could occur between BMSCs and PDLSCs, 
and the mitochondrial transfer efficiency from BMSCs 
to PDLSCs (93%) was significantly higher than that from 
PDLSCs to BMSCs (79%) (Fig 1d). In addition, the pres-
ent authors measured the rate of mitochondrial transfer 

Fig 1a to d  Direct co-cul-
ture of BMSCs and PDLSCs 
could induce mitochondrial 
transfer. Laser confocal 
microscope observed red 
and green fluorescence 
overlap between cells, bar 
= 20 μm (a and b). The 
staining efficiency of mito-
DeepRed and CFSE dyes 
was determined by quanti-
tative flow cytometry, and 
the mitochondrial transfer 
efficiency of BMSCs to 
PDLSCs and PDLSCs to 
BMSCs was determined 
(c). There were significant 
differences between the 
two groups. Error bars rep-
resent standard deviation 
(SD) (n = 3) (d). *P < 0.05; 
**P < 0.01. 
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between cells at 48 hours by quantitative flow cytometry, 
which showed that the rate of mitochondrial transfer 
from BMSCs to PDLSCs could be as high as 99%, and that 
from PDLSCs to BMSCs could be as high as 82% (Fig S2, 
provided on request). To test whether 10 ng/ml TNF-α 
could affect the mitochondrial transfer between cells, 
quantitative flow cytometry analysis was performed in 
the direct co-culture system under normal conditions 
and in the presence of 10 ng/ml TNF-α. The results 
showed that there was no significant difference in the 
mitochondrial transfer rate between the two groups, 
which was higher than 90%. The results are shown in 
Fig S3 (provided on request). This may be due to the fact 
that both BMSCs and PDLSCs have high stemness and 
a high level of mitochondrial transfer can occur under 
normal conditions. 

The indirect co-culture system of CM and PDLSCs 
could simulate intercellular mitochondrial transfer

MitoDeepRed BMSCs CM was co-cultured with PDLSCs 
in confocal culture dishes for 24 hours to construct an 
indirect co-culture system of BMSCs and PDLSCs. Under 
laser confocal microscopy, adherent PDLSCs were found 
to capture red fluorescent-labelled BMSC mitochondria 
in CM (Fig 2a). PDLSCs were inoculated in six-well plates 
and co-cultured with CM for 24 hours. Cells were har-

vested and analysed by quantitative flow cytometry. 
The results showed that BMSCs CM could transfer mito-
chondria to PDLSCs, with an efficiency of up to 99.6% 
(Fig 2b). Comparing the mitochondrial transfer rate of 
the direct co-culture system with that of the indirect 
co-culture system, the present authors found that the 
indirect co-culture system had a higher mitochondrial 
transfer rate than the direct system, and there was a sig-
nificant difference between the two groups, as shown in 
Fig S4 (provided on request).

Effects of BMSC CM, CB1sh BMSC CM and HA-CB1 
BMSC CM on osteogenic differentiation of PDLSCs in 
the inflammatory microenvironment

After it was confirmed by laser confocal microscopy and 
quantitative flow cytometry that BMSC CM could transfer 
mitochondria to PDLSCs through the indirect co-culture 
system, the present authors began to investigate whether 
BMSC CM could improve the osteogenic differentiation 
ability of PDLSCs stimulated by 10 ng/ml TNF-α. First, 5 
days after osteogenic induction, ALP activity assay results 
showed that 10 ng/ml TNF-α decreased the ALP activ-
ity in PDLSCs compared with the control group (Fig 3a). 
ARS and quantitative calcium ion analysis demonstrated 
that 10 ng/ml TNF-α stimulation significantly inhibited 
the mineralisation of PDLSCs in vitro compared with the 

Fig 2a and b  Mitochon-
drial transfer to PDLSCs 
could be achieved by CM. 
After MitoDeepRed BMSC 
CM and PDLSCs were co-
cultured for 24 hours, red 
fluorescence was observed 
in the cells under laser con-
focal microscope, bar = 
100 μm (a). MitoDeepRed 
BMSCs CM and PDLSCs 
were co-cultured for 24 
hours. The number of 
DeepRed-positive cells in 
the blank control group and 
indirect co-culture group 
was determined by quanti-
tative flow cytometry. Error 
bars represent SD (n = 3) 
(b). CM, conditioned me-
dium.
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control group (Fig 3b and c). CB1 expression in BMSCs 
was knocked down using CB1 shRNA lentivirus, and the 
expression level of CB1 was detected by real-time RT-PCR, 
demonstrating decreased expression in BMSCs (Fig 3d). 
The BMSC and PDLSC CMs obtained were co-cultured 
under the stimulation of 10 ng/ml TNF-α, and osteogenic 
induction was performed 24 hours later. The results of 
ARS and calcium ion quantitative analysis showed that 
BMSC CM increased the osteogenic differentiation ability 
of PDLSCs damaged by 10 ng/ml TNF-α compared with 
the control group (Fig 3e and f), indicating that BMSC CM 
could save the damaged osteogenic differentiation ability 
of PDLSCs, but CB1sh BMSC CM could not. These results 

suggest that mitochondria might be essential to enhance 
the osteogenic differentiation of PDLSCs, and CB1 plays 
a role in this process.

Next, mitochondria in BMSC CM were removed 
using a 0.22-µm filter to obtain mdCM, which was co-
cultured with adherent PDLSCs. ALP, ARS and quanti-
tative calcium ion analysis showed that BMSC mdCM 
could not save the osteogenic differentiation ability of 
PDLSCs stimulated by 10 ng/ml TNF-α (Fig 4a to c). In 
addition, the present authors compared the results of 
osteogenesis experiments on PDLSCs after co-culturing 
with mdCM and CB1sh BMSC CM (Fig 3d to f). They 
found that CB1sh BMSC CM had no significant effect 

Fig 3a to f  BMSCs CM promoted PDLSCs 
osteogenesis, but CB1sh BMSCs CM did not. 
After osteogenic induction, ALP activity (a), 
ARS (b) and quantitative calcium ion analysis 
(c) were used to determine the effect of 10 
ng/ml TNF-α on the osteogenic differentia-
tion of PDLSCs. Real-time RT-PCR was used 
to detect the knockdown efficiency of CB1 
in BMSCs (d). ARS (e) and quantitative cal-
cium ion analysis (f) were used to determine 
the effects of BMSC CM, BMSC mdCM and 
CB1sh BMSC CM on the osteogenic differ-
entiation ability of PDLSCs stimulated by 10 
ng/ml TNF-α. Error bars represent SD (n = 
3). *P < 0.05; **P < 0.01. ALP, alkaline phos-
phatase activity; ARS, alizarin red staining; 
CB1, cannabinoid receptor I; CM, conditioned 
medium; P+S, penicillin and streptomycin; 
TNF-α, tumour necrosis factor alpha.

Fig 4a to f  HA-CB1 BMSC CM significantly 
enhanced the osteogenic function of PDLS-
Cs, but could not save the osteogenic abil-
ity of PDLSCs after mitochondrial filtration. 
ALP activity assay (a), ARS (b) and quan-
titative calcium ion analysis (c) were used 
to determine the effects of BMSC CM and 
BMSC mdCM on the osteogenic differentia-
tion ability of PDLSCs stimulated by 10 ng/
ml TNF-α. ALP activity assay (d), ARS (e) and 
quantitative calcium ion analysis (f) were 
used to detect the effects of BMSC CM, HA-
CB1 BMSC CM and HA-CB1 BMSC mdCM 
on the osteogenic differentiation ability of 
PDLSCs under 10 ng/ml TNF-α stimulation. 
Error bars represent SD (n = 3). *P < 0.05; **P 
< 0.01. ALP, alkaline phosphatase activity; 
ARS, alizarin red staining; CB1, cannabinoid 
receptor 1; CM, conditioned medium; mdCM, 
mitochondria-depleted conditioned medium; 
TNF-α, tumour necrosis factor alpha.
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on osteogenesis of PDLSCs, which was similar to the 
results of the control group using complete medium. 
There were no significant differences between the 
two groups; however, mdCM was least able to pro-
mote PDLSC osteogenesis compared with the other 
two groups, perhaps due to the 0.22-µm filter that can 
filter out mitochondria and vesicles containing vari-
ous factors larger than 0.22 µm. To further verify the 
role and mechanism of HA-CB1 BMSC CM, the present 
authors formed three groups: BMSC CM and 10 ng/ml 
TNF-α PDLSCs, HA-CB1 BMSC CM and 10 ng/ml TNF-α 
PDLSCs, HA-CB1 BMSC mdCM and 10 ng/ml TNF-α 
PDLSCs. Osteogenesis induction was performed 24 
hours after co-culture. ALP activity was performed 7 
days later, whereas ARS and quantitative calcium ion 
analysis were performed 14 days later (Fig 4d to f). The 
results showed that compared with BMSC CM, HA-CB1 
BMSC CM could significantly enhance the mineralisa-
tion ability of PDLSCs; however, that of PDLSCs could 
not be enhanced after removing the mitochondria in 
HA-CB1 BMSC CM.

CB1 contributed to mitochondrial biogenesis of BMSCs 
and increased the number of mitochondria in cells

To further explore the mechanism of CB1 affecting intra-
cellular mitochondrial function, the present authors 
used real-time RT-PCR to detect the expression levels 
of mitochondrial biogenesis related factors, including 
heme oxygenase-1 (HO-1), PPARγ co-activator 1α (PGC-
1α) and nuclear respiratory factor-1 (NRF-1), and detect-
ed the expression levels of mitochondrial coding genes 

NADH dehydrogenase 1 (ND1) and hexokinase gene 2 
(HK2) to quantitatively determine intracellular mito-
chondrial content. Real-time RT-PCR results showed 
that BMSCs with stable overexpression of CB1 were 
successfully constructed (Fig 5a). Meanwhile, real-time 
RT-PCR results showed that, compared with the control 
group, the expression of HO-1, PGC-1α and NRF-1 in 
HA-CB1 BMSCs was significantly increased (Fig 5b to 
d), and the expression of marker genes ND1 and HK2 
of mitochondrial content were also increased in the 
HA-CB1 group (Fig 5e and f). These results suggest that 
CB1 might promote BMSC mitochondrial biogenesis to 
increase mitochondrial content. 

Discussion

Studies have shown that during bone formation induc-
tion of BMSCs, proteins involved in mitochondrial bio-
genesis are increased, accompanied by the development 
of mitochondrial ridge, the expression level of constitu-
ent subunits and the activity of the respiratory enzyme 
complex. Mitochondrial membrane potential, cellular 
respiration rate and intracellular ATP content are also 
increased. This evidence indicates that mitochondrial 
oxidative metabolism is upregulated during BMSC dif-
ferentiation, and biological energy changes occur in 
cells from glycolysis to aerobic metabolism,5 indicating 
that mitochondria play a vital role in osteogenic differ-
entiation of BMSCs. However, many studies have shown 
that the periodontal inflammatory microenvironment 
impels the mitochondrial function of periodontal cells, 
and some have confirmed that bacterial lipopolysaccha-

Fig 5a to f  CB1 promoted the expression 
of mitochondrial biogenesis related factors 
and mitochondrial content marker genes in 
BMSCs. The overexpression efficiency of 
CB1 in BMSCs was detected by real-time 
RT-PCR (a). The expression levels of HO-1, 
PGC-1α and NRF-1 in HA-CB1 BMSCs were 
detected by real-time RT-PCR (b to d). The 
expression levels of ND1 and HK2 encoded 
by mitochondria in HA-CB1 BMSCs were 
detected by real-time RT-PCR (e to f). Error 
bars represent SD (n = 3). *P < 0.05; **P < 
0.01. CB1, cannabinoid receptor I; HK2, 
hexokinase gene 2; HO-1, heme oxyge-
nase-1; ND1, NADH dehydrogenase 1; NRF-1, 
nuclear respiratory factor-1; PGC-1α, PPARγ 
co-activator 1α. 
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rids (LPS)-mediated mitochondrial dysfunction may be 
the initial cause of oxidative stress in patients with peri-
odontitis. Insufficient energy supply, massive release of 
ROS and an imbalance of calcium ions lead to mitochon-
drial damage, and aggravate apoptosis and necrosis of 
cells around the damaged area.15,16 This suggests that 
mitochondrial dysfunction may be a key factor in the 
onset and progression of periodontitis.

In the inflammatory microenvironment, the ac-
cumulation of TNF-α is involved in the alveolar bone 
resorption process, which is crucial in the occurrence 
and development of periodontitis.17,18 Studies have 
shown that the osteogenesis and regeneration abilities 
of PDLSCs in periodontitis patients are impaired in 
inflammatory environment, and such impaired char-
acteristics can be simulated in vitro by treating healthy 
PDLSCs with 10 ng/ml TNF-α.19 In the previous study 
conducted by the present authors, it was found that 
10 ng/ml TNF-α reduced the oxygen consumption rate 
(OCR) and membrane potential in BMSCs, and inhib-
ited mitochondrial synthesis.11 These results indicated 
that the mitochondrial function of MSCs was impaired 
under 10 ng/ml TNF-α stimulation.

Many studies have proved that stem cells can replace 
damaged mitochondria by transferring mitochondria to 
recipient cells and restore their oxidative metabolism 
function,12,20 which provides therapeutic ideas for 
saving mitochondrial dysfunction of damaged cells.21 
Thus, the present authors hypothesised that BMSCs 
can also improve the function of PDLSCs in inflam-
matory injury through mitochondrial transfer, and 
observed mitochondrial exchange between mitoDsRed 
BMSCs and mitoEGFP PDLSCs under laser confocal 
microscopy. In addition, the results of quantitative 
flow cytometry proved the efficiency of mitochondrial 
transfer from BMSCs to PDLSCs was up to 93%. In the 
study by Hayakawa et al,13 astrocyte-derived CM was 
co-cultured with adherent neuron cells to achieve 
mitochondrial transfer to neurons, improve neuron 
vitality and promote the repair of the nervous system 
after stroke. These results indicated that mitochondrial 
transfer can be carried out by non-cellular contact. 
Therefore, to examine the effect of mitochondria from 
BMSCs on PDLSCs, the present authors constructed an 
indirect co-culture system for experiments, and laser 
confocal microscopy showed that PDLSCs could obtain 
free mitochondria from the conditioned medium. Flow 
cytometry also proved that up to 99.6% of PDLSCs could 
internalise exogenous mitochondria. 

Based on these results, the present authors used 
the indirect co-culture system to further explore the 
role of mitochondria in saving the osteogenic differ-

entiation ability of damaged cells in an inflammatory 
microenvironment. ALP activity results showed that 
BMSC CM could significantly enhance the osteogenic 
ability of PDLSCs damaged by 10 ng/ml TNF-α. ARS and 
quantitative calcium ion analysis results also demon-
strated that the mineralisation ability of PDLSCs was 
significantly enhanced. In the present authors’ previ-
ous study,11 CB1 was found to promote the mitochon-
drial energy metabolism of BMSCs, including OCR and 
MMP, and recover the impaired osteogenic differentia-
tion potential in the case of 10 ng/ml TNF-α stimula-
tion. This suggested that CB1 activation promoted 
osteogenic differentiation of BMSCs by rescuing mito-
chondrial metabolism under inflammatory conditions. 
Therefore, in the present study, the authors continued 
to explore whether mitochondria are the key to the ef-
fect of CB1 on osteogenic differentiation by the indirect 
co-culture system. ALP, ARS and quantitative calcium 
analysis showed that BMSC CM could enhance the 
osteogenic differentiation ability of PDLSCs; however, 
the effect of CB1-knockdown BMSC-derived CM was sig-
nificantly reduced. Next, the present authors removed 
mitochondria from CM for experiments and found that 
BMSC mdCM did not save the osteogenic differentia-
tion ability of PDLSCs stimulated by 10 ng/ml TNF-α. 
In order to verify whether CB1 affects the impact of 
CM on the osteogenic ability of PDLSCs by influencing 
the mitochondrial function of BMSCs, the authors con-
ducted three osteogenesis experiments. The results of 
ALP, ARS and quantitative calcium ion analysis showed 
that CM obtaining from CB1 over-expressed BMSCs 
had a stronger promoting effect on osteogenic differ-
entiation of PDLSCs than the vector group; however, 
this effect was cancelled after removing mitochondria 
from HA-CB1 BMSC CM. This indicated that HA-CB1 
BMSC CM can significantly enhance the osteogenic dif-
ferentiation potential of PDLSCs damaged by 10 ng/ml 
TNF-α, and the core of this enhancement mechanism 
might be providing mitochondria to PDLSCs.

The present authors then investigated the mechanism 
of CB1 affecting mitochondrial function. Mitochondria, 
the centre of cellular metabolism and energy produc-
tion, are produced by phagocytosis of α-protein bacillus 
by eukaryotic progenitor cells.22 When mitochondria 
are damaged, cells will not regenerate them, but com-
plete the dynamic regulation of the cellular mitochon-
drial system through a mitochondrial biogenesis pro-
cess to degrade damaged mitochondria and promote the 
proliferation of healthy mitochondria.23 Mitochondrial 
biogenesis is regulated by a dual genomic program 
of nuclear coding genes and mitochondrial coding 
genes, including nuclear coding mitochondrial pro-
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teins that control mtDNA transcription and replication. 
This process requires the induction of mitochondrial 
DNA polymerase, mitochondrial transcription factor A 
(TFAM) and TFB2M.24,25 Many nuclear coding genes of 
mitochondrial proteins contain NRF-1 and NRF-2, and 
PGC-1α is the central transcription coactivator of NRF-
1, NRF-2 and PPARγ. It can promote the transcription of 
mitochondrial coding genes such as TFAM and partici-
pate in the physiological integration of mitochondrial 
biosynthesis and oxidative metabolism.26,27 When the 
energy demand of cells increases, the NAD+/NADH 
ratio increases and activates Sirtuin-1 (SIRT1), leading 
to PGC-1α deacetylation and activation of NRF-1 and 
other transcription factors involved in mitochondrial 
biogenesis, promoting the transcription of target genes 
and stimulating mitochondrial biogenesis.28 In addi-
tion, studies have confirmed that HO-1 also plays an 
initiating role in mitochondrial biogenesis29; it controls 
the degradation of free heme and produces CO, iron 
and biliverdin.30 Elevated endogenous CO levels stimu-
late the expression of antioxidant enzyme SOD2 and 
the production of mitochondrial H2O2 in Complex III, 
leading to the activation of Akt/PKB and the inactiva-
tion of glycogen synthetase kinase-3. Activation of this 
signalling pathway greatly stimulates mitochondrial 
biogenesis by allowing nuclear translocation of NRF-2 
and occupying antioxidant response elements (AREs) 
in the NRF-1 promoter.31,32 In the present authors’ pre-
vious study, the results showed that overexpression of 
CB1 could significantly increase the expression levels 
of HO-1, PGC-1α and NRF-1 in BMSCs compared with 
the control group.11 This result is consistent with the 
results of our study conducted in BMSCs. In addition, 
mtDNA levels were detected to measure intracellular 
mitochondrial content, and the results showed that the 
expressions of nicotinamide adenine dinucleotide ND1 
and HK2 encoded by mitochondria were significantly 
higher in HA-CB1 BMSCs. This suggested that CB1 may 
be associated with mitochondrial biogenesis of BMSCs 
by activating the HO-1/PGC-1α/NRF-1 pathway and 
increase intracellular mitochondrial content. 

The present results suggested that supplying mito-
chondria to damaged cells in an in vitro inflammatory 
microenvironment is an effective way to save the osteo-
blast ability of cells. Compared with stem cells, the outer 
membrane of mitochondria lacks surface antigens and 
has low immunogenicity, and one high-functioning cell 
can contain hundreds of mitochondria. In addition to 
directly replacing the damaged mitochondria, some 
studies have shown that exogenous mitochondria can 
colocate with the original mitochondria after entering 
the recipient cells, suggesting that they can fuse with 

them,33 indicating that exogenous mitochondria may 
also have the ability to rescue the damaged mitochon-
dria in the recipient cells to promote the recovery of 
cell function. Thus, mitochondria replacement therapy 
has a wider range of sources, and autogenous, allogen-
eic and even xenogeneic tissues are expected to become 
donor sources for mitochondrial replacement therapy. 
However, further studies are required on the acquisi-
tion of mitochondria with high purity concentration, 
the realisation of mitochondrial transfer in the vivo 
model of periodontitis, and the changes and effects 
of the mitochondrial energy metabolism system after 
mitochondria enter recipient cells.

Conclusion

In summary, the authors conclude that mitochondrial 
transfer exists between BMSCs and PDLSCs, which can 
be simulated by the CM indirect co-culture system; in an 
10 ng/ml TNF-α simulated inflammatory microenviron-
ment, HA-CB1 BMSC CM could enhance the osteogenic 
differentiation ability of PDLSCs, and mitochondria in 
CM played an important role. CB1 was related to the 
activation of the HO-1/PGC-1α/NRF-1 mitochondrial 
biogenesis pathway, and significantly increased the 
content of mitochondria in BMSCs, which might be why 
HA-CB1 BMSC CM had stronger osteogenic differentia-
tion ability of PDLSCs than BMSC CM. These findings 
have identified the role of mitochondria in restoring 
the osteogenic differentiation function of PDLSCs dam-
aged by 10 ng/ml TNF-α, which established the research 
basis for the application of mitochondrial therapy in 
periodontal tissue regeneration.
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development of existing diagnosis and treatment tech-
nology, although the survival rate with early-stage OSCC 
can reach up to 80%, the 5-year survival rate of mid-
dle- and late-stage patients is still approximately 50%.3,4 
The main causes include local recurrence, lymph node 
metastasis and distant metastasis.5 Even if the tumour 
is completely removed with an appropriate margin of 
safety during surgery, local recurrence may still occur. 
Especially when the tumour invades the jawbone, due 
to high bone density and hard cortical bone, rapid fro-
zen section and other methods cannot be used to detect 
the operative bone incisal margin without decalcifica-
tion. In addition, the interface of OSCC infiltrating the 
jawbone cannot be accurately defined through imaging 
examination before surgery,6,7 so it is difficult to con-
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Establishment of an Animal Model of Oral Squamous Cell 
Carcinoma Invading the Mandible 
Xiang Long ZHENG1, Kang Wei ZHOU1, Wen LI1, Ya Qi CHEN1, Cheng Hui LU2,  
Li Song LIN1

Objective: To establish an animal model of oral squamous cell carcinoma invading the man-
dible through multi-sample experiments that verified the stability, repeatability, tumorigenic-
ity and mandible destruction rate of the model.
Methods: Oral squamous cell carcinoma cell suspension was injected into the outer side of the 
mandible through the anterior edge of the masseter muscle of naked mice to observe the tumour-
forming process. Then, the anatomical, histological and imaging examinations were carried 
out to determine whether the tumour had invaded the mandible. By comparing the tumour 
growth of multiple groups of various squamous cell carcinoma cells (CAL27, HN6 and HN30 
cells), the changes in body weight and characteristics of tumour formation were compared, and 
the experience was summarised to further verify the stability, repeatability, tumour formation 
rate and arch damage rate of the model. 
Results: The subsequent specimens of tumour-bearing nude mice were validated once the model 
had been established. In vitro, tumour tissue wrapped around the mandible’s tumour-bearing 
side, and the local texture was tough with no resistance to acupuncture. Haematoxylin and 
eosin staining revealed that squamous cells were infiltrating the mandible in both the horizon-
tal and sagittal planes. Microcomputed tomography results showed that the mandible on the 
tumour-bearing side displayed obvious erosion damage. Cell lines with various passage rates 
clearly had diverse tumour-bearing life cycles.
Conclusion: This study successfully established an animal model of oral squamous cell car-
cinoma invasion of the mandible. The model has excellent biological stability, repeatability, 
tumorigenesis rate and mandible destruction rate.
Keywords: animal model, invade, life cycle, mandible, oral squamous cell carcinoma
Chin J Dent Res 2024;27(3):235–241; doi: 10.3290/j.cjdr.b5698375

Oral squamous cell carcinoma (OSCC) is one of the most 
common malignant tumours in the head and neck, and 
surgery is still the main treatment method.1,2 With the 
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firm whether the bone incisal margin is negative dur-
ing the procedure. Thus, it is impossible to resect the 
diseased jaw tissue safely and accurately.8

The types of bone invasion include erosion, infiltra-
tion and mixed patterns,9 but the specific mechanism 
and mode of invasion have not been defined. Various 
animal models have developed to study the pathogen-
esis, genetic background and novel therapeutic devel-
opment of OSCC.10 The information obtained from ani-
mal models is crucial for the diagnosis and treatment 
of OSCC; however, no single model can summarise all 
aspects, and the corresponding animal models need to 
be constructed for different studies.11 To further study 
the specific mechanism or means of invasion of the 
mandible by OSCC, it is necessary to establish a cor-
responding animal model to better reflect the invasion 
of mandible by human tumours.

Despite the fact that there are several animal models 
for oral cancer, only a very small portion of research 
has so far focused on the animal model of OSCC invad-
ing the mandible,12-14 and none of these studies have 
gone into great depth on the modelling approach, 
tumorigenicity rate or success rate. The objective of 
the present study was to investigate and summarise 
the animal models of OSCC invading the mandible. It 
also aimed to establish a stable and repeatable animal 
model of OSCC invading the mandible with high tumo-
rigenicity by implementing repeated experiments on 
multiple samples with comprehensive verification of 
anatomy, pathology and imaging.

Materials and methods

Reagents and instruments

Dulbecco’s modified Eagle’s medium (DMEM), 10% 
foetal bovine serum (FBS) and 0.25% trypsin (Gib-
co, Billings, MT, USA) were employed, along with a 
CBCT machine for dentistry (Kawa Group, Biberach, 
Germany); microcomputed tomography (microCT) 
machine (SCANCO Medical, Brüttisellen, Switzerland), 
4% paraformaldehyde fixative (Guangzhou Saiguo Bio-
technology, Guangzhou, China), isothane (Reward Life 
Sciences, Shenzhen, China and SCANCO Medical), iso-
flurane (Reward Life Sciences), ethylenediaminetetra-
acetic acid (EDTA) decalcification solution (Solarbio, 
Beijing, China), neutral gum (Taipu Biological, Xiamen, 
China) and haematoxylin-eosin (HE) staining solution 
(Xiamen Taipu Biological).

Cell culture

Human-derived OSCC cell lines CAL27 cells, HN6 cells, 
HN30 cells (Shanghai Zhongqiao Xinzhou Biological 
Company, Shanghai, China) were cultured in DMEM 
high glucose medium containing 10% FBS in a humidi-
fied incubator with an atmosphere containing 5% CO2 at 
37°C, and trypsin digestion was used for passaging when 
the cells were fused to 80%.

Animal feeding and grouping

Fifteen male BALB/c nude mice aged 3 to 5 weeks old, 
with a body mass of around 15 g, were purchased from 
Shanghai Slaughter Laboratory Animal Co, Ltd, China. 
All of the animal procedures were conducted in accord-
ance with the Guidelines for the Care and Use of Labora-
tory Animals and were approved by the Institutional 
Animal Care and Use Committee at Fujian Medical Uni-
versity. Nude mice were acclimatised to the specific 
pathogen free (SPF) environment for 1 week, and the 
experiments were started at a body weight of around 20 
g. The feeding environment was set at room tempera-
ture of 20°C to 22°C, humidity of 40% to 70%, and a light/
dark cycle of 12 hours. The mice were supplied with ad-
equate drinking water and feed.

The fifteen nude mice were randomly divided into 
three groups of five mice each, namely the CAL27 cell 
group, HN6 cell group and HN30 cell group. After the 
tumour was planted, the weight of the nude mice was 
recorded every other day, and the nude mice were 
sacrificed when the tumour size reached 1 cm3 or the 
weight decreased by 25% of the original weight, and the 
mandibular bone and tumour tissues were taken from 
the tumour-bearing side.

Tumour cell suspension preparation

When the cell confluence reached around 80% to 90% 
of the whole bottom of the dish, trypsin digestion was 
complete, and complete medium was added to termi-
nate the digestion, blowing the cells at the bottom of 
the dish until all the cells at the bottom of the dish were 
dislodged; the liquid in the dish was transferred into a 
centrifuge tube, centrifuged (4°C, 1000 rpm, 5 minutes), 
and then the supernatant was discarded; 2 ml iced PBS 
was added to fully resuspend the cells, and 20 μl of the 
liquid was taken into the cell counting plate, and the 
cells in the same grid were counted in three different 
fields of view, and the mean was calculated. The total 
number of cells contained in 2 ml PBS was calculated by 
centrifugation and the supernatant was discarded, and 
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the total number of cells was adjusted to a cell density of 
1 × 106 cells/0.1 ml by adding an appropriate amount of 
iced PBS, and then the cell suspensions were transferred 
into 2 ml Eppendorf (EP) tubes.

Establishment of animal model

After the nude mice were administered anaesthesia 
by a small animal gas anaesthesia machine, the appro-
priate concentration of anaesthetics was continuously 
administered for maintenance; the cell suspension was 
prepared and was gently blown out with a pipette gun 
before the cells were aspirated by a syringe, and the 
insulin injection needle was used to aspirate 0.1 ml of 
cells; the nude mice were disinfected with iodine violet 
in the right masseter area, and then the needle was in-
serted inwards and backwards at the horizontal level 
of the lower edge of the biting muscle, with the angle 
of needle insertion (Fig 1a) being parallel to the bone 
surface of the mandible, and the needle insertion was 
roughly 6 mm in length. When the tip of the needle was 
felt on the outer face of the mandible, the cell suspen-
sion was injected slowly, and the injection was observed 
while injecting. The injection was successful if there 
was localised elevation and no liquid oozing out of the 
mouth, and the injection needle was quickly withdrawn 
after the injection was completed to avoid leakage of the 
cell solution. The nude mice were put back into their 
cages to be reared after recovering their mobility.

HE staining

Different levels (sagittal and horizontal) of mandibular 
tissues were taken for HE staining, and the fixed mandi-
bles were paraffin-embedded, prepared into 4-μm-thick 
sections from the horizontal and sagittal planes of the 
mandible, stained with HE, sealed with neutral gum and 
observed under a microscope.

MicroCT assay

The specimen was removed from the fixative and 
wrapped in three to four layers with plastic wrap to 
retain moisture. It was placed in a sample tube with a 
diameter of 34 mm, stuffed with cotton to fix it to avoid 
artifacts caused by movement of the specimen during 
the scanning process and fixed so that the sample rested 
on the bottom of the tube, and then placed in the scan-
ning instrument (SCANCO Medical, μCT100) for scan-
ning.

Statistical analysis

SPSS 25.0 software (IBM, Chicago, IL, USA) was used for 
statistical analysis. The level of statistical significance 
was set at P < 0.05. One-way ANOVA showed that there 
was no significant difference in the body weight of nude 
mice at the time of tumour implantation between the 
groups (P > 0.05), but there was a significant difference 
in the survival cycle between the groups after tumour 
implantation (P < 0.05).

Results

Anatomical specimen verification

The cranial specimen of nude mice that met the stand-
ards for execution (Fig 2a) showed that the lateral occlu-
sal muscle of the jaw on the normal side was not covered 
by tumour tissue. The normal side of the jaw was en-
tirely peelable and hard when the right and left man-
dibles were separated, and tumour tissue had attached 
to the ascending branch of the mandible (Fig 2b). The 
posterior edge of the jaw was firm and offered little re-

Fig 1a to c  Moulding process. The red arrow indicates the 
needle entry angle (a). The early stage of tumor bearing (b). 
Later stage of tumour bearing (c).
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sistance to needling, and the tumour profile was milky 
white.

Pathological verification

The isolated mandibular tissue underwent various levels 
of histological staining (Fig 3). Section staining from the 

lateral side of the mandible revealed that squamous car-
cinoma cells had infiltrated and extensively destroyed 
the bone of the ascending mandibular branch at a spe-
cific level (Fig 3a and b), whereas section staining from 
the horizontal plane showed that the homogeneous side 
of the mandible at the same level had also been exten-
sively destroyed by tumour cells (Fig 3c and d).

Imaging verification

Although the success of the model establishment was 
essentially verified through a combination of anatom-
ical specimens and histological validation, microCT 
was performed as a supplement to the anatomical and 
pathological results to obtain additional 3D validation, 
as shown in Fig 4. This image demonstrates that, in com-
parison to the normal side of the mandible, the loaded 
side of the tumour clearly caused damage to the man-
dibular bone, and localised erosive destruction was vis-
ible. 

Clinical manifestations of different oral squamous 
carcinoma cells invading the mandible

The HN30 and HN6 groups showed faster tumour for-
mation, within just 1 week, whereas the CAL27 group 
had a noticeably slower tumour formation rate during 
the growth of the nude mice. The tumour-side samples 
of three different groups of oral squamous carcinoma 
cells invading the mandible were photographed and 
compared after the nude mice were sacrificed (Fig 5). 
The tumour cycles of the HN30 group were only about 18 
days after tumour growth (Fig 5a, c and e), those for the 
HN6 group were 26 days, and those for the CAL27 group 
could be up to 52 days (Fig 5b, d and f), but there was no 
statistically significant difference in the changes in body 
weight between the groups. 

Fig 2a and b  Anatomical specimens. Skull specimen; the red 
dotted area is the lateral mandibular tumour on the tumour-
bearing side (a). Mandible specimen; the upper part of the fig-
ure is the normal side of the mandible, the mandible anatomical 
shape is complete and hard; the lower part is the tumour-bear-
ing mandible. The red dotted line shows that the posterior mar-
gin of the mandible is wrapped with tumor tissue and is locally 
tough (b).

Fig 4a and b  MicroCT of the mandible. The tumour-bearing 
side of the mandible showed that the mandibular bone was 
clearly damaged (a). Normal lateral mandible; the visible man-
dible anatomical structure is complete (b).

Fig 3a to d  HE staining at different levels. Sagittal position 
of the mandible on the tumour-bearing side (40×); dotted line 
frame is shown by b (a). Sagittal position of the mandible on 
the tumour-bearing side (200×) (b). The area shown in (a) and 
(b) is a certain level of the ascending branches of the mandible 
from the side view, which show that the ascending branches of 
the mandible are eroded by tumour tissue. Horizontal position 
of the mandible on the tumour-bearing side (40×), as shown by 
dashed line box d (c). The horizontal position of the mandible 
on the tumour-bearing side (200×) (d). The areas shown in (c) 
and (d) are a certain level of the posterior teeth and buccal side 
of the mandible horizontal plane, and the masseter muscle, 
mandible and around the root of the tooth are all invaded by 
tumour cells. (Note: 1, teeth; 2, mandible; 3, tumour cells; 4, 
muscle; 5, tongue.)
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Imaging manifestations of mandibular invasion by 
different OSCC cells

MicroCT examination of three groups of nude mice was 
performed, and it was found that the HN6 and HN30 
group did not cause more obvious destruction to the 
mandible due to the rapid growth of the tumour. The 
results of microCT examination between the different 
groups revealed that, regardless of which OSCC cells 
were injected at the same injection concentration, the 
longer the survival cycle of nude mice with tumours, 

the more extensive the destruction of the mandible; in 
contrast, the shorter the survival time of the tumour, 
the smaller the degree of destruction of the mandible 
(Fig 6).

Discussion

From 1954, when Salley15 coated the buccal sac of the 
golden gopher with dimethylbenzanthracene (DMBA) 
to make it malignant, to the present, when numerous 
animal models of oral cancer are frequently utilised, 

Fig 5a to f  Curve of body weight and specimen 
after tumour formation. The mandibular speci-
mens of the HN30 (a), HN6 (c) and CAL27 groups 
(e) were obtained after meeting the execution cri-
teria. Body weight change curves of the HN30 (b), 
HN6 (d) and CAL27 groups (f) during tumour-
bearing, respectively.

Fig 6  MicroCT of the mandible. The tumour-
bearing mandibles in the HN30 (a), HN6 (b) and 
CAL27 groups (c) showed different degrees of 
bone destruction of the mandible. Normal lateral 
mandibles in the HN30 (d), HN6 (e) and CAL27 
group (f), indicating complete mandibular anat-
omy.
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diverse modelling techniques have been available for 
various studies. Reviewing the literature on earlier ani-
mal models of OSCC invading the mandible, it becomes 
clear that the modelling techniques used in this animal 
model were not particularly discussed. To explore the 
modelling approach further and summarise the model-
ling experience, the present authors investigated this 
model through repeated multi-sample experiments in 
this study.

The present study established the animal model of 
OSCC invading the mandible through comprehensive 
verification of anatomical specimens, histology and 
imaging. Through the processing of anatomical speci-
mens, compared with the mandible on the normal side, 
the texture of the posterior border of the mandible on 
the hormonal side became brittle, and the lower border 
of the mandible could be defective or locally tough, 
and its bone surroundings were wrapped by tumour 
tissues to reach the state of no resistance to needling. 
Through HE staining for histological processing, it was 
discovered that the bone’s surroundings, whether sa-
gittal or horizontal, had been infiltrated by squamous 
carcinoma cells and had locally displayed infiltrative 
destruction. MicroCT 3D scans clearly demonstrated 
that the mandible on the hormonal side showed erosive 
resorption, which further supported the success of the 
model. 

Some researchers have utilised carcinogenic drugs 
to apply carcinogenicity to animals’ tongues or buccal 
parts,16 and there is also the approach involving drink-
ing water carcinogenicity,17 according to previous ex-
perience with the construction of animal models of oral 
cancer. Although these methods can better simulate the 
process of tumour growth in the organism, it is ques-
tionable whether the tumour tissues they obtain can be 
the same or similar to the squamous carcinoma cells of 
human origin after primary culture. Additionally, the 
operation will be rather difficult and the experimen-
tal period of these autologous transplanted tumours, 
which are subsequently cultivated in primary culture 
to produce tumours, is significantly longer.

It is well known that the construction of animal mod-
els is a relatively long and difficult process, especially 
the animal model of OSCC invading the mandible; there 
are problems regarding inexperience in the method of 
model construction. During the pre-test, the present 
authors tried to inject the tumour cell suspension into 
the occlusal muscle, but found that the tumour would 
grow to the buccal skin in an “exophytic” manner, and 
its size and shape of the tumour would be different. 
Secondly, considering that the intraoral injection of the 
tumour would affect the nude mice’s ability to eat and 

breathe, the present authors finally chose the injection 
method mentioned above. Regarding the periosteum 
as a “natural barrier”, they also considered whether 
it would hinder OSCC from invading the mandible, so 
designed the intervention periosteum group and the 
non-intervention periosteum group, and found that 
squamous carcinomas would damage the mandible 
regardless of the periosteum treatment; only the time 
and infiltration depth would be different. However, 
considering the intervention of the periosteum as an 
artificial factor, the subsequent experiments did not 
treat the periosteum.

Based on the experimental process and experience, 
the present authors concluded that several factors can 
affect the success of modelling. First, the cells them-
selves, including cell lineage, cell concentration, cell 
activity and the survival cycle of various oral squamous 
carcinoma cells, are significantly different. Second, 
the feeding environment will also have an impact on 
the survival cycle of nude mice. Under the SPF envir-
onment, the survival cycle of nude mice with tumour-
bearing cells (CAL27 cells, injected with 1 × 106 cells/ 
0.1 ml) is generally 1 to 2 months. In contrast, if the 
nude mice are in the general environment, or are con-
stantly transferred to undergo other operations during 
this period, this influences the environment, which may 
lead to the shortening of the survival cycle. Third, for 
the nude mice tumour model, controlling the age of the 
mice is the most basic requirement. Thus, it is crucial 
to choose mice of an appropriate age. In this experi-
ment, nude mice aged 4 to 6 weeks and weighing 20 ± 3 g 
were used, but their weight fluctuation could not be too 
great. Fourth, the degree of destruction of the mandible 
in the mandibular invasion model has a certain rela-
tionship with the survival cycle of the tumour-bearing 
nude mice; in other words, if the experimenter imposes 
certain changes in the treatment conditions or the oper-
ation, which indirectly lead to the prolongation of the 
survival cycle of the tumour, the degree of destruction 
of the mandible may also increase accordingly.

Through repeated experiments using numerous 
samples of various oral squamous carcinoma cells, the 
present findings demonstrate that, for this model, the 
method used in the study is straightforward, the experi-
mental period is relatively short and the results satisfy 
the purpose of the experiment. Although this model is 
not optimal, it is the most suitable model at present. 
However, just as one key cannot open all doors, it is im-
portant that researchers select the best and most suit-
able model for their research according to their own 
experimental purpose, and obtain the results they want 
in order to cooperate to carry out the related research.
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Conclusion

The animal model constructed in the present study not 
only mimicked the growth pattern of OSCC invading the 
mandible to a certain extent, but also provided a basis 
for conducting related research, and at the same time 
laid the foundation for other scholars to carry out re-
search into the mechanism of OSCC invading the man-
dible, even though the present study has some short-
comings, such as the fact that the nude mice themselves 
have a defective immune system, which limits the devel-
opment of immune-related research.
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Antioxidant enzymes are proteins that play a critical 
role in protecting the body from the harmful effects of 
free radicals.1,2 Reactive oxygen species (ROS) are chem-
ically reactive molecules that are generated as a byprod-
uct of various cellular processes, including mitochon-
drial oxidative metabolism.3 Excessive levels of ROS can 
cause damage to cells. Hydroxyl radical (OH), hydrogen 
peroxide (H2O2) and superoxide (O2–) are some of the 
most common ROS generated in cells.4
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Role of Antioxidant Enzymes in Pathogenesis of Oral 
Squamous Cell Carcinoma: a Systematic Review and  
Meta-analysis 
Zainab NIAZI1, Farah FARHAN2, Sadia MUNEER3, Hasan MUJTABA4, Nurul IBRAHIM5, 
Norhayati YUSOP1

Objective: To investigate the antioxidant enzyme status in biological samples of patients with 
oral squamous cell carcinoma (OSCC) and compare them with biological samples of healthy 
people through a systematic review and meta-analysis.
Methods: Antioxidant enzymes of catalase (CAT), sodium dismutase (SOD) and glutathione 
peroxide (GPx) were included in the analysis. A literature search was conducted of the PubMed, 
Science Direct, Scopus, Web of Science and Wiley Online Library databases for studies published 
between January 1999 and December 2022. A total of 831 articles were selected, of which 131 
were found to be relevant. Finally, the full texts of 12 studies were screened and included. Stud-
ies that evaluated other antioxidant enzymes were excluded. Standardised mean difference 
(SMD) was derived to conduct a meta-analysis using comprehensive meta-analysis v3 (Biostat, 
Englewood, NJ, USA). A random effects model with 95% confidence interval (CI) was used to 
estimate the effect size. P < 0.05 was considered significant.
Results: CAT levels were measured in eight studies (n = 567) and the mean values for the OSCC 
and control groups were 4.81 ± 2.57 and 10.02 ± 1.81, respectively (SMD 3.18, 95% CI 1.01 to 
1.42; P = 0.001). SOD level was evaluated in 11 studies (n = 762) and the values for the OSCC 
and control groups were 3.78 ± 1.45 and 7.34 ± 1.79, respectively (SMD 3.66, 95% CI 1.51 to 
1.94; P = 0.001).  GPx level was evaluated in 10 studies (n = 697) and the values for the OSCC 
and control groups were 13.33 ± 1.42 and 16.54 ± 2.9, respectively (SMD 1.91, 95% CI 1.34 to 
1.77; P = 0.001). The heterogeneity between the studies was severe (I2 ≥ 90%). The risk of bias 
between studies was low to moderate.
Conclusion: Analysis revealed that the levels of antioxidant enzymes decreased in biological 
samples of patients with OSSC as compared to healthy controls. Understanding the pathological 
progress of OSCC by analysing the level of antioxidant enzymes is beneficial in formulating a 
personalised, targeted pro-oxidant therapy for cancer treatment. 
Keywords: antioxidant enzymes, oral squamous cell carcinoma, pathogenesis
Chin J Dent Res 2024;27(3):243–251; doi: 10.3290/j.cjdr.b5698337
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The cellular antioxidant system in mammalian cells 
is composed of various enzymes that work together to 
protect cells from the harmful effects of oxidative stress. 
These enzymes include catalase (CAT), copper/zinc-
containing superoxide dismutase (CuZn-SOD), manga-
nese-containing superoxide dismutase (Mn-SOD) and 
glutathione peroxidase (GPx).5 Oxidative stress occurs 
when there is an imbalance between the production of 
ROS and the ability of cells to detoxify them.6 There is 
growing evidence to suggest that oxidative stress and 
ROS can contribute to the development of cancer.7

Cancer is a group of diseases characterised by the 
abnormal growth and division of cells that can invade 
and destroy surrounding tissues.8 Oral cancer is a ser-
ious disease that affects a significant number of people 
worldwide. It is estimated that around 3% of the world’s 
population is affected by oral cancer.9 It is responsible 
for a high mortality rate and predominantly occurs in 
men.10 Smoking, tobacco use, areca nut chewing and 
alcohol consumption are among the well-known risk 
factors for oral cancers. In the context of oral carci-
noma, studies have suggested that ROS play a role in 
the development and progression of the disease. For 
example, ROS levels have been shown to be higher in 
oral cancer cells compared to normal oral cells.11-13

However, many studies have suggested that the ac-
tivity levels of SOD, GPx and catalase are associated 
with the prognosis of cancer, including oral cancer.14,15 

Reactive nitrogen species (RNS) are produced by the 
body’s immune system in response to infection or 
inflammation. The levels of RNS and nitrosamines are 
increased in patients with oral squamous cell carcino-
ma (OSCC), a type of oral cancer.16 Hence, this analysis 
is focused on gathering the existing information on 
the expression status of relevant antioxidant enzymes 
of CAT, SOD and GPx in the tissues of OSCC. It was 
hypothesised that antioxidant enzymes play a role in 
pathogenesis samples of OSCC as compared to healthy 
tissue. By analysing the gathered data, the present 
authors aimed to investigate the potential association 
between antioxidant enzyme expression and OSCC de-
velopment and progression. This study is expected to 
be useful in providing key information for future treat-
ment and management of oral cancer.

Materials and methods

This systematic review and meta-analysis was con-
ducted according to the population (samples with OSSC 
positive patients), intervention/exposure (enzymes CAT, 
SOD and GPx), controls (samples from normal tissue 
from the same patients) and outcomes (levels of anti-

oxidant enzymes (PIECO) strategy. It was conducted 
through the assessment of the relevant literature.

Databases and search engine

The study protocol was performed strictly adhered to 
the Preferred Reporting Items for Systematic reviews 
and Meta-Analysis (PRISMA) guidelines.17 The Pub-
Med, Science Direct, Scopus, Web of Science and Wiley 
Online Library databases were searched for literature 
published between January 1999 and December 2022. 
A total of 12 case-controlled and cohort studies were 
included to investigate the status of antioxidant enzyme 
levels in patients with OSCC. Including studies that 
compare OSCC patients with healthy controls is also im-
portant to establish potential differences in antioxidant 
enzyme levels that may be associated with the develop-
ment or progression of OSCC. The MeSH terms used in 
the literature search included “carcinoma, squamous 
cell”, “mouth neoplasms”, “squamous cell carcinoma 
of head and neck”, “antioxidants enzymes and “path-
ology, oral”. All studies discussing the role of antioxidant 
enzymes in OSCC and the control group were shortlisted 
and identified based on abstract and title screening. The 
relevant studies and abstracts were saved in Mendeley 
Web to have a proper reference.

Eligibility criteria

The inclusion criteria were case-control and cohort 
studies that evaluate the association between antioxi-
dants and OSCC. Additionally, the criterion for includ-
ing studies with sufficient data for calculating 95% 
confidence interval (CI) is important to ensure that the 
analysis was based on robust and reliable data. The fol-
lowing characteristics were extracted from each study: 
main author, publication year, sample size, level of 
antioxidant enzymes (catalase, sodium dismutase, glu-
tathione peroxidase) and measurements in biological 
samples of OSCC patients and the control group. Articles 
not published in English or on unrelated topics, cadav-
eric studies and reviews, studies that did not include 
the three antioxidant enzymes CAT, SOD or GPx and 
measurement standards that were not the same were 
all excluded.

Antioxidant enzyme levels were assessed by poly-
merase chain reaction (PCR), DNA analysis and immu-
nohistochemistry. These tests are extremely reliable.9,11 
All the studies were analysed fully, including the meth-
odology and variables to be measured. After evaluating 
all the features, the authors reviewed them against the 
search criteria. All the shortcomings of studies were 
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evaluated by entering values in the Newcastle-Ottawa 
quality assessment scale (NOS). The data were collected 
and tabulated separately in the specified format.

Data extraction and outcomes

Levels of antioxidant enzymes and their mean ana-
lysis were the outcomes, whereas study design, age 
range, sex, sampling technique, sample size and their 
P values were extracted from articles and tabulated in a  
separate table for detailed analysis.

Data collection and assessment

Two independent reviewers (ZN and FF) were involved 
in the literature review process. They independently 
reviewed the full texts of studies that passed the initial 
screening process, extracting relevant data from each 
one. Any disagreement between these two investiga-
tors was resolved through discussion with a third au-
thor. Duplicate references were eliminated using man-
ual reference management software Mendeley to save 
time and reduce the risk of errors. The NOS was used 
to assess the quality of the studies.18 The NOS is divided 
into three sections, which assess the quality of a study’s 
selection, comparability and outcome investigation. It 
assigns points or stars for each question in each section 
of the scale. For cohort studies, a score of up to 3 is cat-
egorised as high risk of bias, a score between 4 and 6 is 
classed as moderate risk of bias, and a score between 7 
and 9 is categorised as low risk of bias. For cross-section-
al studies, a score of up to 4 is categorised as high risk 

of bias, a score between 5 and 6 is classed as moderate 
risk of bias, a score between 7 and 8 is deemed low risk 
of bias, and a score between 9 and 10 is categorised as 
very low risk of bias.

Data synthesis

The standardised mean difference (SMD) was used in 
the meta-analysis to pool the results of studies that had 
reported outcomes using different measurement scales 
or units. It was calculated by dividing the difference 
in means of the two groups by the pooled standard de-
viation. For SMD, statistical software Comprehensive 
Meta-Analysis v 3.0 (Biostat, Englewood, NJ, USA) was 
used.19 SMD was employed to compare the levels of 
CAT, SOD and GPx biomarkers between patients with 
OSCC and a control group with an effect size of 95% CI. 
A random-effects model was used to account for signifi-
cant heterogeneity with I2, Q test and T-squared values 
among the studies in this analysis. Prediction intervals 
with forest plots and publication bias with funnel plots 
was used. Studies with the same values of CAT, SOD and 
GPx in similar units were included.

Results

A total of 831 studies were gathered using the search 
strategy, including 339 from PubMed, 166 from Science 
Direct, 200 from Google Scholar, 110 from Scopus and 16 
from Wiley Online Library. After screening of abstracts 
and titles, 700 studies that did not meet the inclusion 
criteria were excluded. The full texts of all the remain-
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Studies selected: Google Scholar (200), 
PubMed (339), Science Direct (166), 
Scopus (110), Wiley Online (16)

Total studies analysed (831)

Studies for 
qualitative analysis 
(12, Systematic 
review)

Studies for 
quantitative 
analysis (12, 
Meta-analysis)

Full studies analysed (131)

Studies eligible for review (12)

Methodology not matched 
(100), Studies qualities not 
fit for review (19)

Abstract not  
matched (700)

Fig 1  Study selection: PRISMA flowchart.
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ing 131 studies relevant to the present studies were 
screened. Finally, only 12 studies had data compatible 
with a meta-analysis (Fig 1).

All study characteristics and the levels of CAT, SOD 
and GPx in various biological samples are presented in 
Table 1.20-31 The NOS was used to assess the quality of 
the studies (Table 2).20-31 

The biological samples of CAT levels in eight studies 
(n = 567) were reported. The mean values for the OSCC 
and control groups were 4.81 ± 2.57 and 10.02 ± 1.81, 
respectively. The overall SMD in the random model was 
3.18 (Z = 4.92, 95% CI 1.01 to 1.42; P = 0.0001). There was 

severe heterogeneity between the studies (I2 = 96.3%, 
Q = 188.47, τ2 = 3.01, variance 5.41; P = 0.0001). There 
was an increase in CAT level in all studies with respect 
to CAT activity (Fig 2). The study publication bias was 
measured in a funnel plot (Fig 3).

The level of SOD was evaluated in 11 studies (n = 762). 
The mean values for the OSCC and control groups were 
3.78 ± 1.45 and 7.34 ± 1.79, respectively. The overall 
level of SOD in biological samples showed an SMD in 
the random model of 3.66 (Z = 4.10, 95% CI 1.51 to 1.94; 
P = 0.001). There was severe heterogeneity between the 
studies (I2 = 98.2%, Q = 556.37; τ2 = 8.42, variance 28.11; 

Table 1  Study characteristics and level of CAT, SOD and GPx in different biological samples. 

Study Country Study  
design

Sex Age 
range 
(y)

Sam-
ple 
size

Sample 
type

Unit OSCC, mean ± SD Healthy, mean ± SD P value

Subapriya  
et al20 India Cohort M 8, F4 45–60 12

Erythrocyte-
lysate

µmole/s/
mg Hb

CAT 1.89 ± 0.12; 
SOD 1.53 ± 0.22; 
GPx 8.62 ± 0.08

CAT 2.77 ± 0.26; 
SOD 3.63 ± 0.35; 
GPx 11.63 ± 1.12

≤ 0.05

Beevi et al21 India Cohort
M 12, 
F 3

33–72 15 Erythrocyte
µmole/
mg/Hb

CAT 14.44 ± 1.63; 
SOD 10.07 ± 2.93; 
GPx 33.4 ± 1.38

CAT 33.63 ± 2.59; 
SOD 21.35 ± 2.80; 
GPx 13.80 ± 1.22

0.0001

Manoharan 
et al23 India

Case  
control

M 48, 
F 0

40–60 48
Erythrocyte-
lysate

µmole/
mg/Hb

CAT 1.22 ± 0.07; 
SOD 1.73 ± 0.09; 
GPx 15.24 ± 1.3

CAT 1.76 ± 0.12; 
SOD 2.29 ± 0.17; 
GPx 22.32 ± 1.86

≤ 0.01

Kalayci et al22 Turkey
Case  
control

M 14, 
F 6

40–76 20 Tissue
U/mg  
protein

SOD 0.76 ± 0.02; 
GPx 1.89 ± 1.71

SOD 0.86 ± 0.02; 
GPx 0.17 ± 0.11

≥ 0.05

Sharma  
et al24 India Cohort

M 102, 
F 18

40–60 120 Blood U/ml
SOD 3.92 ± 1.75; 
GPx 0.03 ± 0.62

SOD 3.11 ± 1.95; 
GPx 0.02 ± 0.02

0.001

Srivastava  
et al25 India

Case  
control

M 27,  
F 13

38–85 40 Blood u/g Hb
CAT 1.30 ± 0.02; 
SOD 1.45 ± 0.11; 
GPx 0.03 ± 0.62

CAT 1.95 ± 0.49; 
SOD 2.28 ± 0.30; 
GPx 0.02 ± 0.02

≤ 0.001

Shilpasree  
et al26 India

Case 
control

M 15,  
F 15

40–70 30 Tissue
nmol/
min/mg

CAT 0.22 ± 0.31; 
SOD 1.57 ± 0.14; 
GPx 7.72 ± 3.96

CAT 0.59 ± 0.04; 
SOD 2.91 ± 0.35; 
GPx 19.70 ± 1.49

≤ 0.0001

Sehitogulları 
et al27 Turkey

Case  
control

M 23,  
F 42

50–70 65 Serum U/ml
SOD 7.39 ± 2.62; 
GPx 22.05 ± 2.73

SOD 25.01 ± 2.83; 
GPx 47.32 ± 3.75

0.05

Banerjee  
et al28 India

Case  
control

M 25, 
F 5

25–50 30 Tissue mg/min CAT 2.00 ± 2.09 CAT 6.40 ± 0.29 0.0001

Babiuch  
et al29 Poland

Case  
control

M 20,  
F 20

25–70 40 Saliva U/ml
SOD 7.07 ± 5.30; 
GPx 20.53 ± 0.73

SOD 2.36 ± 2.42; 
GPx 15.00 ± 17.00

0.001

Shahi et al30 India
Case  
control

M 86,  
F 34

26–68 120 Blood U/min/ml
CAT 14.70 ± 9.80; 
SOD 4.60 ± 2.24

CAT 29.00 ± 9.20; 
SOD 10.80 ± 7.40

≤ 0.005

Sushma  
et al31 India

Case  
control

M 125, 
F 75

26–70 200 Serum
U/100 mg 
protein

CAT 2.71 ± 6.51; 
SOD 1.49 ± 0.49; 
GPx 10.70 ± 0.73

CAT 4.03 ± 1.48; 
SOD 6.10 ± 1.12; 
GPx 13.80 ± 1.25

≤ 0.005

The Granularity-Related Inconsistency of Means (GRIM) test is used to identify potential errors or inconsistencies in the reporting of 
means of CAT, SOD and GPx markers in the selected studies.
CAT level was measured in eight studies. In five studies,21,26,28,30,31 the statistical means were inconsistent. SOD level was measured 
in 11 studies (Table 1). The GRIM statistical test showed that three studies24,27,29 and the five abovementioned studies of CAT levels 
are inconsistent due to the differences in biological sample collection method and sample sizes.
GPx level was measured in 10 studies. The GRIM statistical test showed that statistical means were inconsistent in all studies.
Thus, there is the possibility of publication bias between studies in which statistical means were inconsistent.
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Table 2  Quality of studies assessed using the NOS.

Selection Comparability Exposure

Study 
Case 
defini-
tion

Case 
repre-
sents

Control 
selec-
tion

Control 
defini-
tion

Known 
cont. factor

Poten-
tial cont. 
factor

Secure 
patient

Interviewer 
blinded to case 
and control

Similarity 
case and 
control

No  
response

Total

Subapriya et al20 1 1 1 1 NA NA 1 NA 1 NA 6
Beevi et al21 1 1 1 NA 1 NA 1 NA NA NA 5
Kalayci et al22 1 1 1 1 NA NA 1 NA 1 NA 6
Monohara et al23 1 1 1 NA NA NA 1 NA 1 1 6
Sharma et al24 1 1 1 1 1 NA 1 NA 1 1 8
Srivastava et al25 1 1 1 1 NA 1 1 NA 1 1 8
Shilpasree et al26 1 1 1 1 NA NA 1 NA 1 1 7
Sehitogulları et al27 1 1 1 1 1 1 1 NA NA 1 8
Banerjee et al28 1 1 1 1 NA NA 1 NA 1 1 7
Babiuch et al29 1 1 1 1 NA NA 1 NA NA 1 6
Shahi et al30 1 1 1 1 NA NA 1 NA 1 1 7
Sushma et al31 1 1 1 1 NA NA 1 NA 1 NA 6

Note: For cohort studies, the NOS classes a score of up to 3 as high risk of bias, a score between 4 and 6 as moderate risk of bias, 
and a score between 7 and 9 as low risk of bias. For cross-sectional studies, the NOS classes a scoreof up to 4 as high risk, a score 
between 5 and 6 as moderate risk of bias, a score between 7 and 8 as low risk of bias, and a score between 9 and 10 as very low risk 
of bias. NA, not available.

Fig 2  Forest plot showing weighted mean/relative weight (random) and 
SMD estimates with 95% CI for the differences in CAT levels between the 
OSCC group and the healthy control group. To estimate the variance of true 
effect size between the studies, τ2 was applied (value: 3.01).

Fig 3  Publication bias between the studies. The funnel 
plot shows that only three studies were significant, per-
haps due to the inconsistencies between the biological 
sample types and  means of the studies. The margin of 
error was 10% between the studies’ level of publication 
bias.
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P = 0.0001). The level of SOD was significantly decreased 
in biological samples with OSSC compared to healthy 
ones (Fig 4). The study publication bias was measured 
in a funnel plot (Fig 5).

The GPx level was calculated in 10 studies (n = 697). 
The mean for the OSCC and control groups was 13.33 
± 1.42 and 16.54 ± 2.90, respectively. There was a sig-
nificant decrease in GPx levels in biological samples 
with OSSC. The overall SMD in GPx level in the random 
model was 1.91 (Z = 2.13, 95% CI 1.34 to 1.77; P = 0.03). 
There was severe heterogeneity between the stud-
ies (I2 = 98.1%, Q = 471.57, τ2 = 7.50, variance 29.96, 
P = 0.0001); however, the GPx level was significantly 
decreased in biological samples with OSCC compared 
to healthy ones (Fig 6). The study publication bias was 
measured in a funnel plot (Fig 7).

The high heterogeneity in this meta-analysis showed 
I2 values of CAT 96.3, SOD 98.2 and GPx 98.1 (Figs 2, 4 
and 6). The different methods used in reporting stud-
ies to measure antioxidant enzyme levels could be the 
reason for high heterogeneity. When meta-regression 
analysis was performed on sample size and types, insig-
nificant R2 (9%, P = 0.211) was recorded.

The R2 value was very low and insignificant in the 
meta-regression model, and indicates that the sample 

size and types of samples were also potential reasons 
for heterogeneity.

Discussion

This study investigated the role of antioxidant enzymes 
in OSCC. A total of 12 studies were included in the ana-
lysis. Most of the studies reported that the statistical 
means of CAT, SOD and GPx levels in biological sample 
were inconsistent. The combined analysis of the studies 
of antioxidant enzymes is considered severely heterog-
enous. The overall quality of the evidence is “average 
to good".

Oxidative stress occurs when there is an imbalance 
between the production of ROS and the body’s ability 
to counteract or repair the damage caused by them.32 
Prolonged exposure to oxidative stress and sustained 
inflammation can lead to the accumulation of genetic 
damage, which can increase the risk of cancer devel-
opment. This is because oxidative stress can cause 
damage to DNA and other cellular components, and if 
the damage is not repaired or removed, it can accumu-
late over time and lead to genetic mutations and other 
changes that contribute to cancer initiation.33 ROS are 
associated with high free radicals and reactivity that are 

Fig 4  Forest plot showing weighted mean/relative weight (random) and 
SMD estimates with 95% CI for the differences in SOD levels between the 
OSCC group and the healthy control group. To estimate the variance of true 
effect size between studies, τ2 was applied (value: 8.42).

Fig 5  Publication bias between the studies. The fun-
nel plot shows that only three studies were significant, 
perhaps due to the inconsistencies between the means 
of the studies. The margin of error was 10% between the 
studies’ level of publication bias.
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involved in different processes, especially in the initia-
tion and promotion of OSCC.34 A network of antioxidant 
enzymes controls the cellular maintenance of the redox 
system. Amongst the enzymes, the most common are 
CAT, SOD and GPx.35 Despite the existence of diverse 
protection mechanisms against oxidant injuries, redox 
homeostasis is altered within tumour cells. Excessive 
ROS production is associated with alteration of gene 
expression and genetic instability, favouring cancer cell 
proliferation.36

In the present study, levels of CAT, SOD and GPx 
were analysed in different biological samples taken 
from patients with OSCC and healthy patients. In a 
study performed by Subapryia et al,20 the activity of 
CAT, SOD and GPx was decreased by 58%, 33% and 
59%, respectively, in preoperative OSCC patients as 
compared to normal subjects. The findings showed 
that an imbalance in the redox status of patients with 
oral cancers may be due to the compromised anti-
oxidant levels. Decreased levels of CAT, GPx and SOD 
in erythrocyte lysate of oral cancer patients as com-
pared to healthy patients has also been reported.21,23 
Furthermore, GSH-Px levels were reported to increase 
significantly in cancerous patients’ tissue as compared 
with cancer-free tissues (P ≤ 0.05), whereas an insig-

nificant difference was reported between SOD activi-
ties (P ≥ 0.05).22,23 

Overall, a decline in the enzymatic and non-enzy-
matic antioxidant enzyme level in oral cancer patients 
has been a common finding in various studies.21-24 
Antioxidant levels decreased gradually in oral cancer 
patients from stage II to stage IV.25 Further experi-
mental evidence also demonstrated a significantly 
low level (P = 0.001) of SOD and GPx in cancer patients 
compared to healthy patients.26 Similarly, the mean 
levels of antioxidant enzymes CAT, SOD and GPx were 
lower in study cases, and the difference was highly 
statistically significant.27,28 These findings suggest 
the presence of oxidative stress in oral cancer pa-
tients; however, analysis of correlation (r) showed a 
significantly negative correlation between antioxidant 
and pro-oxidant levels in patients (P ≤ 0.05).27 Hence, 
it is postulated that OSCC is closely associated with 
a marked increase in oxidative stress and a decrease 
in antioxidant enzyme activities.28 On a similar note, 
a decrease in antioxidant level was reported in the 
blood of patients diagnosed with OSCC as compared 
with healthy controls (P ≤ 0.001).26 Meanwhile, GSH 
showed a significant positive correlation with SOD (P ≤ 
0.001), GPx and CAT (P ≤ 0.01).26 Likewise, oral cancer 

Fig 6  Forest plot showing weighted mean/relative weight (random) and 
SMD estimates with 95% CI for the differences in GPx levels between the 
OSCC group and the healthy control group. To estimate the variance of true 
effect size between studies, τ2 was applied (value: 7.50).

Fig 7  Publication bias between the studies. The funnel 
plot shows that no studies were significant, perhaps 
due to the inconsistencies between the mean data of 
the studies. The margin of error was 10% between the 
studies’ level of publication bias.
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patients demonstrated significantly reduced levels of 
SOD and GPX (P ≤ 0.005), with no significant difference 
observed with regard to catalase level.31 The findings 
further suggested the role of superoxide dismutase and 
glutathione peroxides in the progression and develop-
ment of oral carcinogenesis.31 

However, in a different study performed on OSCC 
samples, post-hoc analysis showed that patients with 
OSCC had a markedly increased level of SOD compared 
with the control groups.30 Different approaches have 
been used by researchers to evaluate the amount of 
SOD, GPX and catalase in diverse biological samples, 
which may have different results. The majority of the 
OSCC group patients in those studies were categorised 
using various clinical staging methods and histological 
grading systems. Future research intending to evalu-
ate the impact of oxidative stress on tumours should 
consider these details in the OSCC group’s antioxidant 
enzymes assessment. 

Limitations

This analysis has several limitations. The Begg test failed 
to find a statistically significant publishing bias. It was 
also challenging to compare the research to determine 
the relationship between the results due to the wide 
variety of sample sizes in the different studies. Further 
analysis of the effect of antioxidant enzymes on tumour 
tissue should be carried out to better understand the 
relationship between the different treatments and out-
comes. Biological samples should be preferred as they 
experience the greatest enzymatic changes in patients 
with tumours compared to normal samples.

Conclusion

The majority of investigations showed that individuals 
with OSCC had significantly lower antioxidant levels 
than healthy controls. Antioxidant enzymes are possible 
biomarkers for oxidative stress and a reliable prognostic 
predictor of OSCC. 
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The development of dental materials and technologies 
has progressed significantly over the past century.1 
Traditional dental laboratory procedures, including lost 
wax precision casting of gold alloys, dough modelling 
and curing of acrylic resins, and powder sintering of 
dental porcelains, have been widely used for fabricat-
ing crowns, bridges and dentures2,3; however, since the 
1970s, computer-assisted technology has revolutionised 
dentistry through the development of dental CAD/CAM 
systems.4 A computer-controlled milling machine was 
introduced in 1971, which facilitated crown fabrica-
tion following an optical impression. This innovation, 
known as the Duret system, was developed by Dr Duret 
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Application of Chairside CAD/CAM and Its Influencing 
Factors among Chinese Dental Practitioners: a Cross-
sectional Study 
Aihemaiti MUHETAER1,2, Hong Ye YANG1,2, Cui HUANG,1,2

Objective: To examine the increased use of chairside CAD/CAM among Chinese dental practi-
tioners, and to explore the existing barriers influencing its further application and satisfaction 
levels.
Methods: A semi-structured questionnaire was developed to gather respondents’ demographic 
information, as well as their experiences and behaviours regarding the implementation of 
chairside CAD/CAM. A specialised web-based survey system and WeChat were used to display 
and distribute the final questionnaire. Then, the data were analysed with Chi-square tests and 
regression analyses to determine the effects of various demographic variables on chairside CAD/
CAM applications.
Results: A total of 1,969 questionnaire responses were included in the analyses. Chairside CAD/
CAM systems were used by 36.9% of participants, with a higher usage rate observed among 
prosthodontists (60.0%) and dental practitioners holding a PhD degree (57.7%). Chairside CAD/
CAM-fabricated prostheses were most commonly used in the posterior maxilla (83.3%) and 
mandible (86.0%), followed by the anterior maxilla and mandible (63.8% and 48.6%, respect-
ively). Major barriers to further application included high initial investment, frequent updates 
of equipment and software programs, and a lack of expertise in chairside CAD/CAM usage.
Conclusion: Most dental practitioners did not use chairside CAD/CAM systems. The applica-
tion rate was significantly influenced by sex, location, educational background, department 
and type of healthcare facility. Chairside CAD/CAM users showed limited satisfaction with 
the aesthetic performance of the fabricated prostheses. To improve the popularity of chairside 
CAD/CAM systems, especially among dental practitioners lacking advanced academic degrees, 
it is highly advisable to optimise CAD software programs and offer comprehensive training 
opportunities.
Keywords: chairside CAD/CAM restoration, cross-sectional study, dental practitioners, survey 
Chin J Dent Res 2024;27(3):253–262; doi: 10.3290/j.cjdr.b5698327
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and rapidly gained global recognition for transforming 
dental CAD/CAM systems.5 In the 1990s, after achiev-
ing success in creating crowns and three-unit bridges, 
a CAD/CAM system was employed for the production of 
implant-supported abutments and frameworks.6

With the growth of social economy and the increased 
preference for metal-free materials, CAD/CAM tech-
niques have entered a period of rapid development.7 
Based on the fabrication processes used, the CAD/CAM 
system can be classified into two major categories: 
laboratory and chairside manufacturing systems.8 Both 
systems consist of optical impressions, digital design 
software programs and milling machines.9,10 In the 
laboratory production approach, the dental technician 
is given full responsibility for fabricating the pros-
theses, which requires at least two visits. In contrast, 
chairside CAD/CAM enables dental practitioners to 
manage the whole procedure, from the digital impres-
sion and design to digital fabrication.11 This approach 
allows for the completion of the definitive prostheses 
in a single appointment, which is attractive to both pa-
tients and dental practitioners.7 Chairside CAD/CAM 
systems also boast the benefit of virtual simulation 
and digital design, allowing for multiple treatment 
steps using CAD software programs without direct 
contact with patients.12 Furthermore, the utilisation of 
intraoral optical impressions substantially reduces the 
risk of infection, improves the gag reflex and alleviates 
patient discomfort, especially in elderly individuals 
with respiratory or oral mucosa diseases.13

To the best of the present authors’ knowledge, re-
search on the application of chairside CAD/CAM sys-
tems among dental practitioners worldwide remains 
scarce. The status of CAD/CAM technology in den-
tal practices in the UK and Ireland was reported in 
2016.14,15 As yet, there are no published studies regard-
ing dental practitioners’ attitudes towards the quality of 
chairside CAD/CAM-fabricated prostheses and poten-
tial limitations in their further application.

Thus, the present authors explored the potential 
factors impacting the adoption of chairside CAD/CAM 
by using a semi-structured questionnaire. The re-
search objectives were to determine the current status 
of chairside CAD/CAM in Chinese dental practices, to 
explore potential correlations between the application 
of chairside CAD/CAM and respondents’ sociodemo-
graphic characteristics, and to identify the existing 
barriers influencing its further infiltration and levels 
of user satisfaction. The null hypothesis was that dental 
practitioners’ demographic characteristics would not 
significantly affect the adoption of chairside CAD/CAM 
technology.

Materials and methods

Ethical approval

This study was conducted following the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines (Table S1, provided on request).16 
Approval of the study protocol was obtained from the 
Medical Ethics Committee of the School and Hospital 
of Stomatology, Wuhan University (no. 2021-B21). Eve-
ry participant was provided with a short introduction 
detailing the objectives of the study, the estimated time 
for questionnaire completion, and the researcher’s con-
tact information. To ensure completeness and accur-
acy of responses, the data collector provided clarity on 
any queries raised by participants. All respondents were 
informed that submitting the survey was seen as provid-
ing implicit consent to participate. The acquired data 
was kept strictly confidential and anonymous. 

Survey design and participant recruitment

Using the sample size calculation formulae for cross-
sectional studies, the sample size was calculated. A 
recent study reported that CAD/CAM application rate in 
Hubei province was 24.8%.17 The sample size was 1,164 
with a 5% margin of error and 95% confidence interval 
when the sample proportion was 0.248. Given that 10% 
of the samples dropped out, the original sample size 
should be at least 1,280.

The questionnaire was developed with modifications 
based on previous studies14,15,18 and optimised with 
the collaboration of the Department of Prosthodontics. 
It was pilot tested with 15 general dental practition-
ers and 15 prosthodontists, and the feedback was 
used to improve the quality of the final questionnaire. 
Employing a specialised web-based survey system 
(www.wjx.cn), the final questionnaire was prepared and 
then disseminated through the Chinese Stomatological 
Association (CSA) membership group on WeChat, the 
most widely used social media platform in China. 
Respondents could only submit the questionnaire after 
responding to all the questions. The survey was only ac-
cessible via WeChat, and each account could only com-
plete it once. Once the questionnaires had been sub-
mitted, the respondents were unable to change their 
answers. As planned, surveys containing contradictory 
responses and anomalous completion times (less than 1 
minute or more than 30 minutes) were excluded.

The questionnaire (supplementary material, pro-
vided on request) consisted of four parts containing 25 
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questions, and the primary language was Chinese. The 
first section (questions #1 to #11) focused on dental 
practitioners’ demographic and clinical data. The next 
eleven questions (#12 to #22) surveyed attitudes and 
experiences related to chairside CAD/CAM application. 
Using Likert scale questions, chairside CAD/CAM users 
were asked to rate their actual feelings and behaviours, 
then evaluate the overall quality of chairside CAD/CAM-
fabricated prostheses. Factors for evaluation included 
marginal fitness, contact points, aesthetics, occlusion 
and long-term outcomes. Two questions (#23 and #24) 
were designed to evaluate the perspectives of respond-
ents who had never used a chairside CAD/CAM system 
before. The final question (#25) asked all respondents 
to evaluate their perspectives on the potential use of 
CAD/CAM technology. The Likert scale questions were 
rated on a scale from 1 to 5, with 1 indicating “complete-
ly disagree” and 5 indicating “completely agree”. To 
ensure a representative sample, the questionnaire was 
distributed across seven geographic regions in China.

Statistical analysis

The original data were obtained from the specialised 
web-based survey system and entered into a database 
using SPSS (SPSS 18.0, IBM, Chicago, IL, USA). For the 
semi-open questions, on sources of CAD/CAM know-
ledge (#14) and types of chairside CAD/CAM-fabricated 
prosthesis (#18), three authors independently collected 
and coded the themes, with any inconsistencies resolved 
through discussion. Respondents’ attitudes towards 
chairside CAD/CAM-fabricated prostheses were evalu-
ated by calculating the mean of the Likert scale item 
scores (#21). Descriptive statistics and frequency tables 
were used to summarise respondents’ background in-
formation. A Pearson chi-square test was conducted to 
investigate the differences in the application status of 
chairside CAD/CAM among respondents with various 
demographic characteristics. A one-way analysis of vari-
ance (ANOVA) with a Tukey adjustment was conducted 
to evaluate the perspectives of chairside CAD/CAM users 
on both the technology and the overall quality of pros-
theses.

The decision to use the chairside CAD/CAM system 
was explored using generalised estimating equations 
(GEE) regression analyses. Based on a predetermined 
criterion, all variables (#1 to #10) presented in the first 
section of the survey were regarded as independent 
variables, including age, sex, department, academic 
degree, monthly income, occupational title, years of 
practice, location, hospital level and type of healthcare 
facility. In this analysis, the present authors initially 

performed univariate analysis, and then added all sig-
nificant variables to a multivariate analysis.

Results

General information

A total of 1,975 questionnaires were downloaded from 
the online survey system, and 1,969 valid responses 
were included in the further analyses. All participants 
completed the survey within 10 minutes. Respondents’ 
sociodemographic data are presented in Table 1. Of 
1,969 dental practitioners, there were 928 men (47.1%) 
and 1,041 women (52.9%), and dental practitioners 
from eastern areas constituted the highest proportion 
(33.7%). The age group of 26 to 35 years was significantly 
represented, with 671 participants (34.1%) falling with-
in this range. More than half of the surveyed dental prac-
titioners (986, 50.1%) worked in general dentistry, fol-
lowed by prosthodontics (558, 28.3%) and implantology 
(158, 8.1%). Almost one quarter of them (485, 24.6%) had 
fewer than 5 years of work experience. Regarding par-
ticipants’ educational backgrounds, the majority held a 
bachelor’s degree (823, 41.8%), followed by those with 
a master’s degree (711, 36.1%), and 267 (13.6%) dental 
practitioners held a PhD. Respondents who worked in 
public hospitals were predominant (1409, 71.6%, includ-
ing general and dental hospitals), followed by private 
services (514, 26.1%).

Basic characteristics of chairside CAD/CAM users

The study indicated that 36.9% of participants used 
chairside CAD/CAM systems. Based on the geographi-
cal distribution, individuals from the northwest and 
northern areas exhibited higher application rates than 
the national average, at 54.1% and 52.0%, respectively, 
whereas the central region reported the lowest rate at 
29.1%. The regional difference in application rate was 
statistically significant (P < 0.001). In addition, over half 
of dental practitioners (51.9%) in public dental hos-
pitals used chairside CAD/CAM, followed by those in 
private healthcare facilities (31.5%) and public general 
hospitals (26.9%). According to the level of healthcare 
facilities, respondents from tertiary hospitals had the 
highest application rate (40.1%), whereas private dental 
clinics/unspecified settings had the lowest application 
rate (26.9%); this difference was statistically significant 
(P < 0.001). Furthermore, 72.3% of users started using 
CAD/CAM within the last 5 years, and 64.0% of dental 
practitioners only used it once to twice a week.
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lowed by continuing education (47.9%), private courses 
(45.5%) and social media (34.4%). Chairside CAD/CAM-
fabricated prostheses were most commonly used in 
the posterior mandible (86.0%) and maxilla (83.3%), 
followed by the anterior maxilla (63.8%) and mandible 
(48.6%), and this difference in preferred location was 
statistically significant (P < 0.001) (Fig 1b). In terms of 
educational background, participants with a PhD de-
gree (57.7%) display a tendency to employ the chairside 
CAD/CAM system at a frequency more than double that 
of respondents with a junior college degree or below 
(23.2%). Nearly two-thirds of the dental practitioners 
in the department of prosthodontics (60.0%) integrate 
chairside CAD/CAM into their practice, whereas doc-
tors specialising in other disciplines have an appli-
cation rate of lower than half (Table S2, provided on 
request); however, the application of chairside CAD/
CAM by respondents with different numbers of years 
of dental experience was not statistically significant 
(P > 0.05). 

In terms of the application of chairside CAD/CAM 
materials, glass-ceramics were found to exhibit the 
highest application rate (85.7%), followed by resin-
matrix ceramics (39.8%) and polycrystalline ceramics 
(35.1%), and this preference in material selection was 
statistically significant (P < 0.001) (Fig S1, provided on 
request). Furthermore, inlays/onlays were the most 
commonly fabricated prostheses (86.2%), followed by 
all-ceramic crowns (79.3%), whereas other prostheses 
were adopted by fewer than 40% of respondents (Fig 
S2, provided on request). The GEE regression analysis 
results are presented in Table 2. According to the multi-
variate analysis, the application of chairside CAD/CAM 
was significantly associated with sex, location, academ-
ic degree, department and type of healthcare facility; 
however, no statistically significant differences were 
observed in relation to age, occupational title, years of 
dental practice or rank in scale of hospitals where they 
worked. The application rates demonstrated a marked 
increase among respondents from the north (P = 0.011) 
and northwest (P < 0.001). This trend was also mirrored 
in respondents who held an advanced degree, such as 
a Master’s (P = 0.015) or PhD (P < 0.003). Additionally, 
professionals serving within the departments of pros-
thodontics (P < 0.001), implantology (P < 0.012) or endo-
dontics (P < 0.006) also reported a significantly higher 
application rate. 

Respondents’ attitudes towards chairside CAD/CAM

CAD/CAM-fabricated prostheses were evaluated based 
on five primary criteria: marginal fitness, contact 

Table 1  Demographic information of respondents.

Characteristic n Percent-
age (%)

Sex
Male 928 47.1
Female 1,041 52.9

Location 

East 663 33.7
Central 351 17.8
South 204 10.4
North 98 5.0
Northeast 291 14.8
Northwest 205 10.4
Southwest 157 8.0

Age (years)

≤ 25 150 7.6
26~35 671 34.1
36~45 600 30.5
46~55 449 22.8
> 55 99 5.0

Academic degree

Junior college or below 168 8.5
Bachelor’s 823 41.8
Master‘s 711 36.1
PhD 267 13.6

Occupational title  
(from lowest to 
highest)

Associate doctor 121 6.1
Resident doctor 478 24.3
Attending doctor 693 35.2
Associate professor 451 22.9
Professor 226 11.5

Years of dental 
practice

≤ 5 485 24.6
5–10 354 18.0
11–15 321 16.3
16–20 235 11.9
> 20 574 29.2

Monthly income  
(Chinese Yuan)

≤ 5,000 314 15.9
5,001–10,000 427 21.7
10,001–15,000 418 21.2
15,001–20,000 331 16.8
> 20,000 479 24.3

Type of healthcare 
facility

Public dental hospital 695 35.3
Public general hospital 714 36.3
Private services 514 26.1
Other 46 2.3

Hospital rank in 
scale (from highest 
to lowest)

Tertiary hospital 1,151 58.5
Secondary hospital 351 17.8
Primary hospital 58 2.9
Private clinic and 
unclassified

409 20.8

Department

General dentistry 986 50.1
Prosthodontics 558 28.3
Endodontics 98 5.0
Implantology 159 8.1
Other 168 8.5

Total 1,969 100.0

As illustrated in Fig 1a, manufacturers’ technical 
support (74.7%) and medical journals (66.9%) were the 
leading sources of CAD/CAM-related knowledge, fol-
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points, aesthetics, occlusion and long-term outcome. 
The results indicated that respondents expressed the 
highest level of satisfaction regarding marginal fitness 
(4.02 ± 1.06), with 75.2% of them rating it as excellent 
or very good, followed by contact points (74.1%) and 
occlusion (73.7%); however, satisfaction with aesthetics 
was the lowest (3.72 ± 1.08), with only 28.0% of doc-
tors believing that CAD/CAM-fabricated prostheses de-
livered excellent aesthetic performance (Fig 2). Interest-
ingly, the satisfaction levels of respondents with varying 
weekly usage frequencies were statistically significant 
in terms of marginal fitness, contact points, aesthetics, 
occlusion and long-term outcome (P < 0.05) (Table 3).

Figure 3 illustrates the perspectives of chairside 
CAD/CAM users in relation to their clinical experi-
ence, whereas Fig 4 presents the perspectives of non-
users based on their subjective comprehension. The 
Cronbach alpha values for Q16 and Q23 were 0.832 and 
0.989, respectively, suggesting a high level of internal 
consistency.19 The majority of chairside CAD/CAM 
users believed that it decreased fabrication costs and 
improved quality and productivity. More than half of 
respondents believed that chairside CAD/CAM tech-
niques increased work efficiency, shortened operative 
time and decreased the number of visits required. 
Nearly two-thirds of chairside CAD/CAM users (66.1%) 
felt that their clinical decisions were influenced by 
the system, and the vast majority (94.4%) said they 
would recommend it to their colleagues. With regard to 
non-users, approximately 46.0% stated that the initial 
cost of equipment was high. Moreover, they felt that 
technology upgrades occurred too frequently. Around 
47.8% of non-users lacked knowledge on how to use 
CAD/CAM equipment correctly. Surprisingly, the major-

ity of non-users (91.6%) were interested in integrating 
chairside CAD/CAM techniques into their dental prac-
tice. In the last section of the survey, 1,817 individuals 
(92.3%) expressed confidence in the future importance 
of chairside CAD/CAM.

Discussion

This study provided information about the implementa-
tion of chairside CAD/CAM in Chinese dental practices 
and potential factors that could influence its continued 
adoption. Based on the results, the application rate was 
significantly influenced by sex, location, educational 
background, department and type of healthcare facility. 
Accordingly, the null hypothesis was rejected. 
The present study found that 36.9% of respondents 
used chairside CAD/CAM systems in clinical workflows. 
Among these dental practitioners, 72.3% had begun 
adopting this technology within the last 5 years, with 
64.0% of them using it once to twice per week. A study 
conducted in Switzerland documented an application 
rate of 23% among surveyed dental practitioners.20 Den-
tal practitioners in the United Kingdom were surveyed 
to examine the infiltration of CAD/CAM technology in 
dental clinics, and the findings revealed that the major-
ity of dental practitioners surveyed did not employ 
any component of the CAD/CAM system.14 Based on a 
study carried out in dental clinics and laboratories of 
the United States Navy, it was discovered that by June 
2017, a substantial proportion of indirect prostheses 
were manufactured using CAD/CAM systems (38.1%), 
and that there has been consistent growth in the adop-
tion of CAD/CAM-fabricated prosthesis over the past 5 
years.21 In an in vivo study, Vogler et al22 evaluated the 

Fig 1a and b  Sources 
of chairside CAD/CAM-
related knowledge among 
respondents (a). Appli-
cation area of chairside 
CAD/CAM-fabricated pros-
theses (b).
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Table 2  Results of univariate and multivariate generalised estimating equations (GEE) regression analyses for chairside CAD/CAM 
application.

Variable Univariate analysis Multivariate analysis
Odds ratio 95% confidence 

interval
P value Odds ratio 95% onfidence 

interval
P value

Sex
0.268 0.019*

Male Reference Reference
Female 0.902 (0.751, 1.083) 0.268 0.763 (0.609, 0.957) 0.019*

Location

< 0.001* < 0.001*
East Reference Reference
Central 0.746 (0.564, 0.987) 0.040* 0.805 (0.589, 1.101) 0.175
South 0.795 (0.567, 1.115) 0.184 0.815 (0.555, 1.197) 0.296
North 1.976 (1.289, 3.029) 0.002* 1.904 (1.160, 3.126) 0.011*
Northeast 0.954 (0.714, 1.274) 0.747 0.733 (0.518, 1.037) 0.079
Northwest 2.151 (1.566, 2.954) < 0.001* 2.310 (1.572, 3.396) < 0.001*
Southwest 1.287 (0.902, 1.836) 0.164 0.665 (0.436, 1.012) 0.057

Age 0.152 0.631

Highest de-
gree

< 0.001* 0.002*
Junior college or below Reference Reference
Bachelor’s 1.298 (0.880, 1.916) 0.188 1.225 (0.778, 1.931) 0.381
Master‘s 2.428 (1.648, 3.579) < 0.001* 1.891 (1.130, 3.165) 0.015*
PhD 4.508 (2.925, 6.948) < 0.001* 2.442 (1.359, 4.386) 0.003*

Occupational title 0.117
Years of dental practice 0.342

Monthly 
income 
(Chinese 
Yuan)

< 0.001* 0.033*
≥ 5,000 Reference Reference
5,001–10,000 0.699 (0.489, 0.914) 0.011* 0.887 (0.572, 1.374) 0.591
10,001–15,000 1.052 (0.777, 1.424) 0.745 1.430 (0.909, 2.250) 0.122
15,001–20,000 1.064 (0.773, 1.464) 0.705 1.237 (0.768, 1.993) 0.382
> 20,000 1.328 (0.992, 1.779) 0.057 1.504 (0.912, 2.483) 0.110

Type of 
healthcare 
facility

< 0.001* < 0.001*
Public dental hospital Reference Reference
Public general hospital 0.340 (0.272, 0.425) < 0.001* 0.528 (0.399, 0.700) < 0.001*
Private services 0.426 (0.336, 0.540) < 0.001* 1.193 (0.722, 1.972) 0.491
Other 0.291 (0.145, 0.582) < 0.001* 0.520 (0.240, 1.126) 0.097

Hospital 
level

< 0.001* 0.269
Tertiary hospital Reference Reference
Secondary hospital 0.932 (0.729, 1.191) 0.574 1.013 (0.733, 1.401) 0.938
Primary hospital 0.727 (0.415, 1.273) 0.264 0.894 (0.471, 1.696) 0.731
Private clinic and 
unclassified

0.549 (0.428, 0.703) < 0.001* 0.620 (0.352, 1.092) 0.098

Depart-
ment

< 0.001* < 0.001*
General dentistry Reference Reference
Prosthodontics 4.618 (3.695, 5.772) < 0.001* 3.737 (2.798, 4.991) < 0.001*
Implantology 2.404 (1.572, 3.675) < 0.001* 1.797 (1.137, 2.839) 0.012*
Endodontics 2.480 (1.757, 3.501) < 0.001* 1.721 (1.164, 2.545) 0.006*
Other 0.809 (0.543, 1.206) 0.299 0.740 (0.464, 1.180) 0.206

*Statistically significant (P < 0.05).

impression quality and accuracy of CAD/CAM-fabricat-
ed posts and cores in comparison to conventionally cast 
posts and cores. They found that the application of a 
fully digital chairside workflow achieved better accur-
acy of fit of posts and cores and higher feasibility of 

impression taking than the conventional workflow.22 
Ming et al23 compared CAD/CAM-fabricated glass fibre 
posts and cores with traditional casting titanium posts 
and cores, posts and cores fabricated using the selec-
tive laser melting (SLM) technique, and prefabricated 
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glass fibre posts and composite resin cores. The internal 
adaptation and mechanical properties were evaluated. 
The results demonstrated that CAD/CAM-fabricated 
glass fibre posts and cores exhibited excellent internal 
adaptation and high fracture resistance, similar to trad-
itional casting titanium posts and cores and 3D-printed 
posts and cores, and the fracture pattern was mostly 
restorable.23 These findings provide valuable insights 
into the current landscape of chairside CAD/CAM in 

dental practice and offer a positive outlook on its in-
corporation into clinical workflows. 

Interestingly, the present survey reflected broad 
satisfaction and a positive attitude towards chairside 
CAD/CAM systems. Chairside CAD/CAM users reported 
that it increased work efficiency, shortened operative 
time, and improved quality and productivity. Thus, it 
was unsurprising that a significant proportion of dental 
practitioners who participated in the study said they 

Fig 2  Evaluation of chairside CAD/CAM-fabricated pros-
theses.

Fig 3  Attitudes of chairside CAD/CAM users based on clinical 
experience. a, It decreased the cost of fabricating prostheses; 
b, It improved the overall quality of prostheses; c, It increased 
productivity; d, It reduced operative time and frequency of vis-
its; e, It was a marketing tool for patient recruitment; f, It makes 
it possible to keep up with the development of digital dentistry. 

Fig 4  Attitudes of non-users of chairside CAD/CAM based on 
self-perceived knowledge. a, The quality of CAD/CAM-fabricat-
ed prostheses was inferior to that of traditional methods; b, The 
initial investment in chairside CAD/CAM equipment was high, 
and upgrades were needed too frequently; c, The conventional 
impression was more accurate and convenient; d, I did not per-
ceive any advantages over conventional procedures, and I am 
unable to change my working habits; e, I am not familiar with 
chairside CAD/CAM systems, or none were available; f, I prefer 
traditional techniques over digital dentistry.

Table 3  Relationship between satisfaction levels and weekly use frequency based on five criteria.

Variable Weekly use frequency (mean ± standard deviation) F P value
1~2 (n = 465) 3~4 (n = 126) 5~6 (n = 34) 7~8 (n = 27) > 8 (n = 74)

Marginal fitness 3.89 ± 1.06 4.11±1.05 4.18 ± 0.94 4.48 ± 0.98 4.42 ± 0.98 6.230 < 0.001*
Contact points 3.86 ± 1.05 3.98 ± 1.10 4.18 ± 0.90 4.37 ± 1.01 4.24 ± 1.00 3.930 0.004*
Aesthetics 3.62 ± 1.07 3.75 ± 1.12 3.91 ± 0.87 4.15 ± 1.03 4.01 ± 1.09 3.783 0.005*
Occlusion 3.83 ± 1.05 3.94 ± 1.10 4.26 ± 0.96 4.37 ± 1.01 4.23 ± 1.05 4.670 < 0.001*
Long-term outcome 3.68 ± 1.03 3.79 ± 1.09 4.15 ± 0.93 4.30 ± 0.99 4.23 ± 0.96 7.395 < 0.001*

*Statistically significant (P < 0.05).
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would recommend chairside CAD/CAM techniques 
to their colleagues. At the same time, most non-users 
believed that the initial investment required was one of 
the major obstacles. Economically, dental practitioners 
could face challenges in recouping their investment 
due to the high cost involved in procuring equipment. 
Consequently, it seems that dental professionals might 
encounter pressure to use materials that are not sup-
ported by clinical evidence but are instead chosen 
based on economic factors such as production costs, 
efficiency and the desire for all-ceramic restorations.15 

According to geographical distribution, respondents 
from the northwest and north used chairside CAD/CAM 
at a higher rate than the average. Chairside CAD/CAM 
equipment enables dental practitioners in underdevel-
oped regions to maintain a relatively high level of pros-
thetic quality despite the absence or uneven geographic 
distribution of dental laboratories. Additionally, dental 
professionals working in public dental hospitals and 
tertiary hospitals exhibited a greater tendency to use 
chairside CAD/CAM systems. In contrast, dental prac-
titioners working in other facilities showed a stronger 
preference for traditional fabrication methods. The 
preference for chairside CAD/CAM systems in public 
dental hospitals and tertiary hospitals might stem from 
the frequent encounters with complex clinical cases 
that require careful handling of occlusal reconstruc-
tion and material selection. Valuable tools like virtual 
articulators and occlusion detectors offered by some 
CAD/CAM systems enhance these processes.24,25 

Another interesting finding was that dental profes-
sionals were more likely to use chairside CAD/CAM-
fabricated prostheses in the posterior maxilla and 
mandible. In the anterior area, achieving a successful 
dental restoration requires more than a high survival 
rate; it also demands long-term aesthetic stability that 
is dependent on several variables, such as material 
selection, prosthesis design and cementation meth-
ods.26,27 Differences in saturation, hue and transpar-
ency between restorations and natural teeth can lead to 
aesthetic complications.28 The survey used in the pres-
ent study revealed that only 28.0% of dental practition-
ers agreed that CAD/CAM-fabricated prostheses could 
deliver an excellent aesthetic result. Thus, aesthetics 
may be a crucial factor influencing the popularity of 
chairside CAD/CAM. However, treatment outcomes 
depend greatly on the level of consideration given to 
selecting the distinct characteristics and attributes of 
the different CAD/CAM materials. In terms of material 
selection, glass-ceramics were found to be the most 
commonly used, with an application rate of more than 
twice that of other materials. One specific type of glass-

ceramic, the lithium disilicate block, is provided in a 
pre-crystallised state and has a flexural strength of 130 
± 30 MPa. This initial state makes it easier to mill the 
material. After undergoing heat treatment in a ceramic 
oven at 850°C for 20 to 25 minutes, its strength can be 
significantly increased, meeting the requirements for 
crown and inlay/onlay restorations.29,30 On the other 
hand, polycrystalline ceramic is relatively opaque and 
high in strength and takes longer to fabricate, which 
may limit its use in chairside and aesthetic zone res-
torations.31,32 It is worth noting that the industry has 
implemented polychromatic blocks and ultra-translu-
cent zirconia materials for CAD/CAM applications with 
the aim of enhancing the aesthetics of full contour 
monolithic restorations over the past few years.33

The present study showed that the main sources 
of knowledge about chairside CAD/CAM were manu-
facturers’ technical support and medical journals, fol-
lowed by continuing education. Dental practitioners 
with a higher level of academic qualification dem-
onstrated a great inclination towards incorporating 
chairside CAD/CAM technology into their workflows. 
Meanwhile, respondents with a PhD degree expressed a 
preference for acquiring knowledge by reading medical 
journals. In contrast, dental practitioners with a junior 
college degree showed a greater willingness to accept 
technical support. This might be due to the fact that 
PhD students have a strong interest in new technolo-
gies and have developed problem-solving skills from 
reading medical journals.34 Previous research has dem-
onstrated the significant role that continuing education 
plays in enhancing clinicians’ diagnostic and treatment 
skills.35 Continuing education programmes provide 
healthcare professionals with opportunities to update 
their knowledge, learn new techniques and keep pace 
with the latest advancements in their respective fields. 
Furthermore, the present study demonstrated a posi-
tive correlation between dental practitioners who use 
CAD/CAM more frequently and higher levels of satisfac-
tion with the marginal fitness, contact points, aesthet-
ics, occlusion and long-term outcomes achieved using 
prostheses. Considering all of these factors, it is clear 
that chairside CAD/CAM-related training programmes 
are vital for dental practitioners, particularly those 
without high academic degrees or occupational titles. 

Using a semi-structured questionnaire is an effec-
tive strategy for collecting data on the perspectives 
and experiences of a diverse group of respondents.36 
However, a limitation of the present study is the fact 
that although the CSA holds the highest authority in 
the field, there remains the potential for sample bias. 
To reduce the risk of bias and ensure clarity, the pres-
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ent authors developed the survey questions with the 
help of specialists and conducted a pilot study. In fu-
ture research, a qualitative study will still be necessary 
to conduct a more comprehensive analysis of the ex-
perience and attitudes of Chinese dental practitioners 
towards the CAD/CAM system. By including semi-open 
and open questions, researchers can collect a broader 
range of personalised opinions from both users and 
non-users of this technology. This method can provide 
a profound understanding of the current limitations of 
CAD/CAM systems and respondents’ expectations for 
their future development. Considering that dental prac-
titioners were the primary providers of information, 
further investigation is still required to better reflect 
the perspectives not only of dental practitioners but 
also of patients, dental technicians and manufacturers 
throughout the treatment procedure. By incorporating 
data from multiple sources, researchers can gather 
unique insights into the factors influencing the slow 
adoption of chairside CAD/CAM techniques and iden-
tify potential areas for improvement. This topic can be 
explored in future research.

Conclusion

Within the limitations of this study, several conclu-
sions could be drawn. First, most participants did not 
employ any part of the chairside CAD/CAM system, but 
expressed strong belief in its future significance and an 
interest in incorporating it into their workflows. Second, 
CAD/CAM-fabricated prostheses were more frequently 
used to treat posterior teeth. Glass-ceramic was the 
material of choice, followed by resin-matrix ceramics 
and polycrystalline ceramics. The chairside CAD/CAM 
application rate showed a significant association with 
sex, department, location, educational background and 
healthcare facility. Third, dental practitioners with high 
academic degrees showed a significant interest in incor-
porating chairside CAD/CAM into their workflows, with 
a preference for obtaining relevant knowledge from 
medical journals. In contrast, those with a bachelor’s 
degree or below showed a greater willingness to seek 
technical support. Finally, the major barriers to wider 
adoption of chairside CAD/CAM included the high initial 
investment, frequent updates of hardware and software 
programs, a lack of perceived aesthetic benefits, and a 
lack of expertise in operating these systems.
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