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Abstract
Background  Orthodontic tooth movement (OTM) is a complex biological process triggered by orthodontic forces 
(OF). This study aims to study the influence of sex and age on the gene expression of the dental pulp (DP) and 
periodontal ligament (PDL) of human premolars subjected to 7 and 28 days of OF in vivo.

Methodology  Linear mixed and negative-binomial models were used on previously published RNA sequencing 
(RNA-seq) datasets of DP and PDL tissue subjected to OF for 7 days and 28 days to verify if the effect of OF depends 
on sex and age. Differentially expressed genes (DEGs) were identified using false discovery rate and functional analysis 
was performed.

Results  The datasets consisted of 69 DP and 63 PDL samples from 46 and 41 patients respectively, with similar sex 
and age distribution. RNA-seq showed that sex did not influence the DP’s gene expression profile, since only one DEG 
related to immune response was detected after 28-days of OF. In contrast, sex significantly affected PDL: 505 DEGs 
were found after 7 days of OF, related to bone homeostasis, osteoclastic activity and immune response. Age impacted 
both tissues; in DP, 18 DEGs related to Ca2⁺ regulation and DNA damage repair were found at 7 days, and 10 DEGs 
associated with repair and adaptive capacities emerged at 28 days. In PDL, 181 genes related to bone regeneration 
were identified at 28 days, with no DEGs noted at 7 days.

Conclusion  Our study demonstrates that under OF, DP’s reaction is not sex-based, whereas PDL’s is, particularly in 
the early phase of OTM, with women showing a more pronounced osteoclastic response. Age-related effects in DP 
tissue primarily influence Ca2+ homeostasis and DNA damage repair in early phases, and tissue repair and adaptive 
responses later. In contrast, age impacts PDL tissue mainly in the later stages of OTM, affecting its regenerative 
capacity.
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Introduction
Orthodontic tooth movement (OTM) is a complex bio-
logical process triggered by orthodontic forces (OF). 
These forces provoke substantial biomechanical and 
biological responses within the dentoalveolar complex, 
impacting the alveolar bone, the periodontal ligament 
(PDL) and the dental pulp (DP) [1]. The PDL is an essen-
tial link between the teeth and the alveolar bone, orches-
trating OTM by altering its shape, gene expression and 
protein secretion in response to mechanical load [2, 3]. 
Although to a lesser degree, the DP is also impacted by 
OF due to a reduction in pulp blood flow [4, 5]. How-
ever, these reactions are not universal, since research 
has shown that male and female patients respond differ-
ently to orthodontic treatment. Female patients tend to 
exhibit faster responses to OF, potentially due to hor-
monal influences on bone remodeling and their generally 
lower alveolar bone density compared to males [6, 7]. Sex 
hormones such as estrogen, progesterone, and androgen 
play significant roles in bone metabolism, thereby affect-
ing OTM [8]. Additionally, variations in these hormones 
can influence the pulp’s blood flow and inflammatory 
responses [9]. Estrogen, in particular, is known to regu-
late the activity of DP cells and the production of inflam-
matory mediators [10], which could lead to different DP 
tissue responses to OF in women.

Sex is not the only factor influencing OTM. As indi-
viduals age, the periodontium undergoes structural and 
functional changes, [11, 12] such as a decrease in Sharp-
ey’s fibers. These fibers present more irregular inser-
tion into bone [13] and thicker principal fibers in older 
patients [14], which lead to slower bone metabolism, 
reduced osteoclast activity, and decreased proliferation 
of PDL cells [15–17], ultimately contributing to slower 
OTM [18]. Additionally, the DP exhibits age-related 
changes, such as reduced blood flow, increased fibrosis, 
and calcification [19].

Understanding how the dental tissues of men and 
women with different ages respond to OF could improve 
the selection of force systems and the definition of per-
sonalized treatment protocols, ultimately enhancing 
treatment efficacy and safety. More than 70% of the 
patients seeking orthodontic treatment are female [20]. 
Many of these patients may present unique hormonal 
conditions, such as pregnancy, oral contraceptive use, 
lactation or menopause [21], which makes the under-
standing of the sex-dependent responses of dental tissues 
to OF absolutely crucial. Also, according to the American 
Association of Orthodontists [22], the age range of the 
orthodontic population has been increasing steadily over 
the past decades. This is possibly due to the longer life 
expectancy, the gaining importance of oral health-related 
quality of life, the fact that older patients often need pre-
restorative orthodontics to harmonize their occlusion 

before comprehensive dental treatment and replacement 
of missing teeth, the simplification of orthodontic tech-
niques or the introduction of clear aligners [23]. This 
underscores the necessity for efficient treatment strate-
gies that preserve tissue health. However, research on the 
age- and sex-related dental tissues responses to OF has 
primarily been conducted in vitro or in animal models. 
Clinical studies tend to focus on histological changes and 
target genes, but to the best of our knowledge, explora-
tion of transcriptomic alterations in the human dental 
tissue under OF in men and women with different ages 
has not been performed yet [24].

The present study explores the influence of sex and age 
on the transcriptomic profiles of PDL and DP tissues sub-
jected to different lengths of OF application in vivo.

Material and methods
Study approval
This study obtained approval from the Commission of 
Medical Ethics prior to the start and has been conducted 
in strict adherence to the principles of Helsinki Declara-
tion and the ethical guidelines for Medical and Health 
Research Involving Human Subjects (‘World Medical 
Association declaration of Helsinki: Ethical principles 
for medical research involving human subjects’, 2013). 
Informed consent was obtained from all participants 
before inclusion. In case they were minors, consent was 
also obtained from their parents or legal guardians.

Data collection and processing
RNA-seq datasets of DP and PDL tissue subjected to 
OF in vivo were produced by the authors in previous 
works [3, 5] and are publicly available at the Sequence 
Read Archive (SRA). The experimental settings of these 
datasets were as follows: healthy patients seeking orth-
odontic treatment who needed premolar extractions due 
to orthodontic reasons were recruited. The transcrip-
tomic profiles of the pulp and periodontal tissues from 
the premolars extracted before orthodontic treatment 
(controls) were compared those extracted after 7- and 
28-days of orthodontic force application respectively. 
Details regarding study design, patient recruitment, 
OTM model, and sequencing workflow are available in 
the Supplementary Methods. For the present study, the 
complete transcriptomic datasets of PDL and DP tis-
sue (PRJNA1137899, PRJNA1136245) were downloaded 
from SRA with raw sequence files (.fastq files) and 
checked for quality by using FastQC v0.11.7 [25]. Adapter 
sequences were filtered out with ea-utils fastq-mcf v1.05 
[26]. For accurate mapping, splice-aware alignment was 
performed with HISAT2 [27] against the human hg38 
genome using default parameters. Reads that mapped 
to multiple loci in the reference genome were discarded. 
The resultant BAM alignment files were processed using 
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Samtools v1.5. Quantification of reads per gene was car-
ried out with HT-seq Count v0.10.0, Python v2.7.14 [28].

Differential analysis of gene expression
Differential analysis of gene expression was performed 
with SAS software version 9.4 of the SAS System for 
Windows, as well as R-Software (R Core Team 2024). R: 
A language and environment for statistical computing. (R 
Foundation for Statistical Computing, Vienna, Austria. 
URL https://www.R-project.org/). For each gene, linear 
mixed models (LIN) with a random effect for subject were 
used to compare the log-transformed normalized count 
between groups. Analyses were performed separately for 
PDL and DP tissue and for the comparisons of 7 days ver-
sus control and 28 days versus control, respectively. Only 
genes with at least three subjects having at least a count 
equal to 10 were included in the analysis. Each model 
contained main effects of batch (reflecting that samples 
were sequenced across different experimental runs), sex, 
age and experimental group. Two extensions of the model 
were considered to evaluate the research questions. The 
first extension additionally modelled the interaction 
between sex and experimental group, which allows to 
verify if the effect of OF on the tissues differed between 
males and females, while the second extension modelled 
the interaction between age and experimental group. For 
the interaction with age, two versions were considered: 
(1) assuming linearity for the effect of age, (2) allowing 
nonlinearity using restricted cubic splines. If evidence 
for nonlinearity was present, conclusions were based on 
the model using splines for the effect of age. P-values 
were adjusted with the Benjamini–Hochberg procedure 
to control the false discovery rate (FDR). FDR < 0.05 was 
used to identify differentially expressed genes (DEGs). As 
a sensitivity analysis, results were also verified using the 
negative binomial model as implemented in the DESeq2 
package. Note however that this approach did not allow 
to add a random effect of subject to handle the potential 
correlation between both jaws.

Bioinformatics
Principal component analysis (PCA) was applied to all 
normalized counts to visually assess transcriptome varia-
tion between samples. To identify key cellular and bio-
logical processes associated with DEGs unique to our 
comparative datasets, we applied Gene Ontology (GO) 
enrichment analysis. Signaling pathways associated with 
these DEGs were further examined using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
database. GO and KEGG enrichment analyses were per-
formed using the Database for Annotation Visualization 
and Integrated Discovery (DAVID) [29].

Results
The previously published DP and PDL RNA-seq datasets 
were downloaded [3, 5]. The sex and age distribution per 
group (control without OF, 7 and 28 days of OF) and per 
tissue type (dental pulp and periodontal ligament) are 
presented in Fig. 1. In total, 69 DP (47 females/22 males, 
16.81 ± 6.66 years old) and 63 PDL (42 females/21 males, 
16.51 ± 6.67 years old) samples were included in the data-
sets. Sex distribution across experimental groups was 
compared using the Chi-square test of independence. 
No significant differences were found in sex distribution 
for either dental pulp (p = 0.906) or periodontal ligament 
samples (p = 0.973). To assess age distribution across 
experimental groups, we performed one-way ANOVA. 
No significant differences were found between the con-
trol, 7-day, and 28-day groups for either DP or PDL 
tissues (DP: p = 0.517; PDL: p = 0.562), indicating com-
parable age distributions. The number of sex- and age-
related DEGs in both tissues after 7 and 28  days of OF 
application compared to the control group, are presented 
in Table 1.

Influence of sex on the DP transcriptomic patterns during 
OTM
To investigate the potential sex-dependent differences 
in the transcriptomic responses of DP during OTM, 
we analyzed PCA results of male and female DP tissues 
subjected to 7 days and 28 days of OF, as well as control 
groups without OF application (CG). The PCA results 
revealed minimal differences in the transcriptomic pro-
files of male and female pulp tissue subjected to 7  days 
of OF, 28  days of OF and CG (Fig.  2A). When compar-
ing the 17,338 genes found between CG vs. 7-days with 
the 16,966 genes found between CG vs. 28-days, only one 
gene (ZNF711) was found to exhibit differential expres-
sion between males and females, 28 days after the appli-
cation of OF (Table  2). This gene was downregulated 
in females (log2FC: −  0.26) and upregulated in males 
(log2FC: 0.51) with an FDR less than 0.05 (Fig. 2B).

Influence of sex on the PDL transcriptomic patterns during 
OTM
To study the sex-related differences in transcriptomic 
profiles of PDL tissue during OTM, we also conducted 
PCA. (Fig.  2A) The two principal components of the 
PCA, which account for 32.4% of the total data variance, 
show that the female and male samples are clearly sepa-
rated after 7 days of OTM. However, this was not the case 
in the CG and after 28 days of OTM. Within the 15,807 
genes compared between the CG vs. 7  days, 505 genes 
were expressed significantly different between females 
and males based on the FDR < 0.05. From these, a total 
of 444 genes (87.92%) exhibited opposing expression 
trends in men and women: 239 DEGs were upregulated 
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in females and downregulated in males and vice-versa 
in 205 DEGs. From the 61 remaining genes, 29 DEGs 
were upregulated in both females and males and 32 
were downregulated in both sexes. (Fig. 2B) GO analysis 
reveals significant sex differences in biological processes 
such as upregulation of angiogenesis in females, includ-
ing “positive regulation of angiogenesis” and “regulation 
of angiogenesis.” Additionally, other cell activities, such 
as “mRNA splicing” “chromatin remodeling” and “nega-
tive regulation of autophagy” were upregulated in males, 
further highlighting variation between sexes. KEGG 
analysis shows that the signal pathways “endocytosis”, 
“focal adhesion” and “ECM-receptor interaction” are 
different between sexes. Within the 15,414 genes com-
pared between the CG vs. 28 days, only 4 genes (MNS1, 

PIH1D1, NMNAT1, RPS19P7) were found to be differen-
tially expressed. (Table 2, Fig. 3A).

Influence of age on the DP transcriptomic patterns during 
OTM
To explore the age-related DEGs in transcriptomic 
profiles of DP tissue during OTM, we also applied 
LIN model to assess the effect of age. For some genes, 
restricted cubic splines model was used where evi-
dence for nonlinearity was present. As shown in Table 3, 
18 DEGs (STIMATE, STXBP6, KCTD9P1, NACA3P, 
FBXL9P, RASSF8-AS1, PITPNM2, GABRG1, SPIRE2, 
HMGB1P21, SYT2, PSMD1, VPS26A, DUSP5, SYTL3, 
TLL1, ASB7, LAMTOR4) were found to be significantly 
associated with age 7 days after the application of OF. At 
28 days, only 10 DEGs (ARHGEF34P, SNRPA1P1, SIN3A, 

Fig. 1  Sex and age distribution of the patients included per group (control, 7- and 28-days of Orthodontic Force) and per dental tissue (dental pulp and 
periodontal ligament). Values of p < 0.05 were considered statistically significant different. SD standard deviation
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Fig. 2  A Principal component analysis (PCA) of the comparisons between females and males in the three different experimental groups. B Number of dif-
ferentially expressed genes (DEGs) between the females and males in the two different tissues, volcano plot of 7-days vs. Control and 28-days vs. Control 
in PDL tissue and 7-days vs. Control in DP tissue
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PCOLCE2, MARK1, CYP1B1-AS1, MROCKI, PARP1P1, 
MRPS35-DT, TXNL4B) were significantly associated 
with age. (Table 3, Fig. 3B) Plots with the predicted rela-
tion for both models (assuming linearity or not) are given 
for the top genes in the Fig. 4A and B, depicting the trend 
in up- or down-regulation of the genes affected by ages.

Influence of age on the PDL transcriptomic patterns during 
OTM
To investigate the age-related DEGs in transcriptomic 
profiles of PDL tissue during OTM, we applied the same 
models as DP tissue. No genes were found to be signifi-
cantly associated with age after 7 days of OF on PDL tis-
sue. However, after 28 days of OF, 181 genes were found 
significantly associated with age. Plots showing the pre-
dicted relationship for both models (assuming linearity or 

allowing non-linearity) are provided for the top genes in 
Table 4 and Fig. 4C. GO analysis indicates that biological 
processes such as “chromatin organization”, “angiogen-
esis”, “ribosomal small subunit biogenesis” and “negative 
regulation of the Notch signaling pathway” are influenced 
by age. Similarly, KEGG analysis highlights age-related 
associations in signaling pathways including “Ribosome”, 
“Ribosome biogenesis in eukaryotes”, and “Cytoskeleton 
in muscle cells” (Fig. 3C).

A summary of the findings of this study can be found in 
Supplementary Tables S1 and S2.

Discussion
This study investigates the influence of sex and age on 
the transcriptomic profiles of DP and PDL tissue sub-
jected to different lengths of OF. Most of the previous 

Table 2  Top 25 differentially expressed genes (DEGs) between female and male patients in dental pulp and periodontal ligament 
tissues after 7 and 28 days of orthodontic force application compared to the control group without orthodontic force
Tissue Group Gene Female Male P-value 

interac-
tion (FDR)

Log2fold Ratio P-value 
(FDR)

Log2fold Ratio P-value 
(FDR)

Dental pulp 7-days vs. 
Control

/ / / / / / / /

28-days vs. 
Control

ZNF711 − 0.26 0.83 0.8258 0.51 1.42 0.1879 0.0089

Periodontal 
ligament

7-days vs. 
Control

C11orf58 − 1.02 0.49  < .0001 0.43 1.35 0.3971  < .0001
ISG20L2 − 0.66 0.63 0.0080 0.65 1.57 0.1183  < .0001
GIT1 0.82 1.76 0.0178 − 0.97 0.51 0.0816  < .0001
REEP4 1.15 2.22 0.0003 − 0.41 0.75 0.5377  < .0001
CFDP1 − 0.34 0.79 0.1258 0.72 1.64 0.0355 0.0001
YJU2B 0.23 1.17 0.3451 − 0.87 0.55 0.0092 0.0001
FASTK 0.72 1.64 0.0177 − 0.73 0.60 0.1570 0.0001
WDR82 − 0.49 0.71 0.0213 0.54 1.46 0.1301 0.0002
LTB4R 1.22 2.33 0.0216 − 1.29 0.41 0.1566 0.0002
TNS2 0.65 1.57 0.0383 − 0.82 0.56 0.1089 0.0002
DCAF15 0.65 1.57 0.2877 − 2.02 0.25 0.0224 0.0003
RPL17P26 − 0.41 0.75 0.5559 2.52 5.72 0.0068 0.0003
LZIC − 0.66 0.63 0.0084 0.51 1.42 0.2773 0.0003
PRPF4 − 0.70 0.62 0.0189 0.66 1.59 0.2151 0.0003
GLYR1 − 0.71 0.61 0.0005 0.22 1.17 0.6182 0.0003
FLNA 0.44 1.36 0.0110 − 0.33 0.79 0.3046 0.0005
SLC27A3 0.20 1.15 0.4996 − 0.98 0.51 0.0131 0.0005
SCYL1 1.17 2.25 0.0061 − 0.71 0.61 0.3937 0.0006
LTBP4 0.19 1.14 0.5629 − 1.12 0.46 0.0123 0.0006
R3HDM4 1.03 2.04 0.0004 − 0.25 0.84 0.7106 0.0006
MTND6P4 − 1.87 0.27 0.0014 0.70 1.63 0.5756 0.0006
FUZ 0.59 1.51 0.2756 − 1.65 0.32 0.0407 0.0007
VPS28 0.75 1.68 0.0009 − 0.23 0.85 0.6565 0.0008
RPL26P36 − 0.42 0.75 0.1362 0.76 1.70 0.0907 0.0008
TVP23C − 2.26 0.21  < .0001 0.23 1.17 0.8867 0.0008

28-days vs. 
Control

MNS1 0.14 1.10 0.9836 − 0.83 0.56 0.0006 0.0072
PIH1D1 − 0.14 0.91 0.9836 0.86 1.82 0.0027 0.0251
NMNAT1 − 0.47 0.72 0.3490 0.76 1.70 0.0862 0.0345
EMP2 − 0.15 0.90 0.5182 0.31 1.24 0.0675 0.0400
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transcriptomic studies investigating sex differences in 
medicine typically perform DESeq2 package analyses for 
each sex group independently, identifying DEGs based 
on adjusted P-values and log2FC thresholds, followed 
by a comparison of DEGs between sexes. However, since 
the underlying model of DESeq2 is a negative binomial 

model (NB), the downside of this approach is that the 
potential correlation between data from the same sub-
ject cannot be taken into account. This was specifically 
important in our datasets since they contain upper and 
lower, first and second premolars, which could intro-
duce bias. Therefore, ignoring the correlation might yield 

Fig. 3  A Top 5 biological processes (BP), cellular components (CC), molecular functions (MF) and signal pathways (KEGG) associated with sex-related 
genes after 7-days OTM in PDL tissue. B Number of differentially expressed genes (DEGs) between the different age in two different tissues. C Top 5 BP, 
CC, MF and KEGG associated with age-related genes after 28-days OTM in DP tissue
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STIMATE STXBP6 KCTD9P1 NACA3P FBXL9P

RASSF8-AS1 PITPNM2 GABRG1 SPIRE2 HMGB1P21

ARHGEF34P SNRPA1P1 SIN3A PCOLCE2 MARK1

CYP1B1-AS1 MROCKI PARP1P1 MRPS35-DT TXNL4B

CAPZB TCEAL2 FLJ42393 MAGIX YJEFN3

HS6ST1 FAM171A SRSF6 NVL MRPL7

A. DP Tissue 7-days vs. Control

B. DP Tissue 28-days vs. Control

C. PDL Tissue 28-days vs. Control

Fig. 4  Plots with the predicted relation of top 10 age-related differential expressed genes obtained from the model assuming linearity and from the 
model allowing nonlinearity (using splines). A Dental pulp (DP) tissue 7-days vs. Control, B DP tissue 28-days vs. Control, C Periodontal ligament (PDL) 
tissue 28-days vs. Control. Shaded area refers to the pointwise 95% confidence interval. Note that there are no DEGs in PDL tissue 7-days vs. control
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too liberal p-values and thus inflate the type-1 error (for 
the evaluation of OF effect). As an alternative approach, 
a linear mixed model with a random effect for subject 
was used in our study, with log-transformed normalized 
count as outcome [30]. Regarding age differences, previ-
ous research primarily groups patients into categories 
based on chronological age, overlooking the physiological 
age variations possibly caused by individual differences. 
Treating age as a categorical parameter also fails to cap-
ture the gradual changes that age can present in clinical 
settings. Instead, our study treated age as a continuous 
variable, exploring whether the effect of OF depended on 
age in a linear way. Additionally, allowing the effect of age 
to be nonlinear (using splines), a distinction was made 
between settings where linearity was plausible and where 
splines were required to model the effect of age and its 
interaction.

Influence of sex on the transcriptomic pattern of the DP 
during OTM
Previous studies have shown that the DP exhibits a 
marked response during the early phase of OTM, involv-
ing immune activation, hypoxia, and DNA damage. In 
contrast, later phases are characterized by cell adhe-
sion, migration, tissue organization, repair, and dentin 
formation [5]. In our study, ZNF711 was the only gene 
found to be differentially expressed between males and 
females after 28 days of OTM. ZNF711 (Zinc Finger Pro-
tein 711) is a transcriptional activator located on the X 
chromosome, which can bind to the promoters of target 
genes and recruit PHF8 (PHD Finger Protein 8) histone 

demethylase, thereby activating the expression of genes 
involved in neuronal development, such as KDM5C. 
KDM5C also plays a role in immune- and inflammatory 
related pathways [31]. Our results showed downregula-
tion of ZNF711 in females and upregulation in males, 
suggesting enhanced pulp tissue repair and inflamma-
tory regulation in men following OF application, possibly 
resulting in a better recovery process. Previous studies 
suggest that varying levels of estrogen can lead to differ-
ences in dental pulp blood flow and affect the odonto/
osteogenic differentiation of dental pulp stem cells [9, 
10]. However, the present study did not find a significant 
influence of sex hormones on the gene expression of DP 
tissue. Additionally, while our comparison of sex differ-
ences in DP tissue under OF did not yield many DEGs 
meeting the threshold of statistical significance, they hint 
at the underlying biological changes occurring within the 
DP tissue. Among the top 100 DEGs, identified biologi-
cal processes related to inflammation, including “DNA 
repair”, “positive regulation of T cell proliferation”, “posi-
tive regulation of leukocyte migration” and “positive 
regulation of interleukin-4 production” can be identified. 
These findings underscore the role of inflammatory regu-
lation in the differential response of DP to OF in males 
and females, suggesting a direction for further research 
(Figs. 5 and 6).

Influence of sex on the transcriptomic pattern of the PDL 
during OTM
In contrast to DP tissue, PDL tissues exhibited significant 
sex-specific expression after 7 days of OTM (505 genes). 

Fig. 5   Sex-related differences in dental pulp and periodontal ligament responses to orthodontic force 
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Among the top genes, CFDP1 (Craniofacial Develop-
ment Protein 1) and WDR82 (WD Repeat Domain 82) 
are linked to craniofacial development, osteogenesis and 
osteoblast differentiation [32–34]. Both genes exhibit 
decreased expression in females. In contrast, genes asso-
ciated with bone resorption, such as LTB4 (Leukotriene 
B4 Receptor), which promotes osteoclast differentiation 
[35], and FLNA (Filamin A), linked to osteoclastogenesis 
[36], show upregulation in females, suggesting higher 
osteoclastic activity in early OTM stages. Interestingly, 
some osteogenic genes, including GIT1 (GIT ArfGAP 
1) and LTBP4 (Latent Transforming Growth Factor Beta 
Binding Protein 4), are also upregulated in females. GIT1 
plays a key role in bone regeneration through RAC1 sig-
naling and the ERK1/2/NRF2 pathway [37], while LTBP4 
is essential for TGF-β1-mediated osteogenesis and alveo-
lar bone remodeling [38], supporting bone homeostasis 
during OTM. Previous research indicates that estrogen 
can influence bone remodeling through several mecha-
nisms, including reducing oxidative stress and enhanc-
ing the survival and activity of bone-forming cells via 
the ERK1/2/NRF2 pathway [39]. Additionally, estro-
gen affects bone remodeling by interacting with TGF-β 

[40]. Thus, the findings of this experiment regarding the 
altered expression of GIT1 and LTBP4 provide theoreti-
cal support for prior studies, demonstrating that hor-
mone levels indeed impact the metabolism and overall 
bone remodeling dynamics, thereby affecting OTM rate.

Additionally, C11orf58 (Chromosome 11 Open Read-
ing Frame 58) is a bone mineral density (BMD)-associ-
ated gene [41, 42]. Although its role in bone metabolism 
is not yet clear, the upregulation of C11orf58 in males and 
downregulation in females suggest its potential involve-
ment in bone metabolic processes, making it a novel can-
didate gene for OTM research. The data suggest that in 
the early stages of OTM, under conditions of stable bone 
homeostasis, both females and males exhibit increased 
bone formation, but females exhibit a more pronounced 
osteoclastic trend. Interestingly, while bone formation 
increased in both sexes, the genes involved are com-
pletely different, suggesting potentially different mecha-
nisms of bone formation in men and women. In addition, 
we observed sex-specific differences in the expression 
of genes related to immune response and inflammation, 
such as ISG20L2 [43] and VPS28 [44] which indicate an 
enhanced immune response in men. Furthermore, genes 

Fig. 6  Age-related differences in dental pulp and periodontal ligament responses to orthodontic force
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such as YJU2B, FASTK and PRPF4 also exhibited dif-
ferential expression, with women showing increased cell 
proliferation. Interestingly, although significant differ-
ences in bone resorption were found in the current study, 
according to literature the incidence of orthodontically 
induced root resorption is not significantly different in 
men and women [45, 46], which suggests the involve-
ment of different pathways. However, after 28 days of OF 
only 4 DEGs were different between males and females, 
suggesting that sex differences are more evident in the 
early stages of OTM.

In addition to the well-established influence of hor-
monal levels on metabolism and overall bone remodel-
ing dynamics, the observed sex-specific gene expression 
differences during OTM could also reflect the effects of 
X-chromosome dosage and/or escape from X-inacti-
vation (XCI), which may impact the rate and biological 
response to OTM. In female mammals, one of the two 
X chromosomes is randomly inactivated during early 
embryonic development (a process known as X-chro-
mosome inactivation or Lyonization) to balance gene 
dosage between sexes. However, approximately 15–25% 
of X-linked genes are known to escape XCI and remain 
transcriptionally active on the otherwise inactive X 
chromosome. This can lead to increased expression of 
these genes in females compared to males, resulting in 
potential dosage effects and biological sex differences in 
immune response, metabolism, and tissue remodeling 
[47].

In our study, ZNF711, which was differentially 
expressed in the DP after 28 days of OTM, is located at 
Xq21.1 and encodes an X-linked transcription factor. It 
has been reported to partially escape XCI and influence 
the expression of genes involved in immune and neu-
rodevelopmental pathways. On the other hand, FLNA, 
which showed differential expression in the PDL after 
7 days of OTM, is located at Xq28 and encodes Filamin 
A, a cytoskeletal protein involved in cell migration and 
osteoclastogenesis. FLNA has been reported to subject 
to XCI, which indicated that its observed sex-biased 
expression in our study is more likely due to hormonal 
or regulatory mechanisms [48]. Therefore, the sex-related 
transcriptional divergence observed in this study likely 
results from the combined effects of X-chromosome dos-
age, escape of XCI, and systemic hormonal regulation. 
Future research should further investigate the contribu-
tion of these mechanisms to sex-specific transcriptional 
dynamics during orthodontic tooth movement.

Influence of age on the transcriptomic pattern of the DP 
during OTM
After applying OF for 7 days, we identified 18 genes with 
age-related expression patterns. Among these, STIMAT 
(STIM Activating Enhancer) acts as a positive regulator 

of Ca2⁺ influx, enabling the movement of calcium ions 
from the extracellular matrix into the cell [49]. Addi-
tionally, SYT2 (Synaptotagmin 2), together with SYT3, 
supports interactions between STIM2 and Orai1 at endo-
plasmic reticulum–plasma membrane contacts sites, 
which modulate Ca2⁺ influx under resting conditions [50]. 
Furthermore, PITPNM2 (Phosphatidylinositol Trans-
fer Protein Membrane Associated 2), a protein tyrosine 
kinase, is activated in response to various extracellular 
stimuli that similarly elevate intracellular Ca2⁺ concentra-
tions [51, 52]. Maintaining Ca2⁺ homeostasis is essential 
for the health of DP tissue. Increased intracellular Ca2⁺ 
concentration, via calcium channel influx, initiates a cas-
cade of Ca2⁺ signaling, which upregulates DSPP expres-
sion in dental pulp stem cells (DPSCs) and promotes 
odontoblast differentiation [53, 54]. This represents the 
fact that pulp tissue reacts with reparative dentin forma-
tion to the stimulus which is an initial reparatory reac-
tion to a certain stimulus. Our findings reveal that, under 
OF, STIMAT expression declines with age. Also, SYT2, 
SYT3 and PITPNM2 show a progressive decline with 
aging, after an initial increase between ages 12 and 17. 
This trend suggests that the mechanisms for maintain-
ing Ca2⁺ stability in DP tissue evolve over time, poten-
tially reducing the tissue’s repair capacity and increasing 
susceptibility to pulp inflammation in older individuals. 
Additionally, previous research has shown that OTM 
induces DNA damage repair. In this study, we identi-
fied several genes involved in this process. For instance, 
SPIRE2 (Spire Type Actin Nucleation Factor 2), along 
with SPIRE1, promotes the assembly of nuclear actin 
filaments in response to DNA damage, aiding the mobi-
lization of chromatin and repair factors to damaged sites 
[55]. PSMD1 (Proteasome 26S Subunit, Non-ATPase 
1), a component of the 26S proteasome, is involved in 
essential cellular processes, including cell cycle regu-
lation, apoptosis, and DNA damage repair [56]. Both 
SPIRE2 and PSMD1 exhibit a decline in expression with 
age, suggesting a reduced adaptive capacity of DP tissue 
to OF as individuals age. We also observed that STXBP6 
(Syntaxin Binding Protein 6), which is involved in cel-
lular exocytosis and endocytosis processes, and TLL1 
(Tolloid-Like Protein 1), which plays a role in regulating 
dentin extracellular matrix (ECM) homeostasis and min-
eralization, display age-dependent expression patterns. 
These findings underline the age-related changes in Ca2⁺ 
regulation and decrease in the responsiveness to orth-
odontic-induced DNA damage repair, potentially affect-
ing tissue resilience during orthodontic interventions.

Among the age-dependent expression patterns 
observed after 28  days of OF, several genes show up-
regulation with age: PCOLCE2, MARK1, MROCKI, and 
TXNL4B. Notably, TXNL4B (Thioredoxin Like 4B) plays 
a crucial role in pre-mRNA splicing, necessary for cell 
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cycle progression, while MARK1 (Microtubule Affinity 
Regulating Kinase 1) is involved in regulating cell polar-
ity and microtubule dynamics [57]. Conversely, sev-
eral genes exhibit a down- regulation, including SINA3, 
CYP1B1-AS1, and MRPS35-DT. While CYP1B1-AS1 and 
MRPS35-DT are long non-coding RNAs (lncRNAs) with 
currently undefined functions, SINA3 (SIN3 Transcrip-
tion Regulator Family Member A) acts as a transcrip-
tional repressor in cellular activities [58]. These suggest 
that DP tissue exhibits a different response with age dur-
ing the later stages of OTM, potentially reflecting altered 
repair and adaptive capacities.

Influence of age on the transcriptomic pattern of the PDL 
during OTM
In contrast with the DP findings, no statistically signifi-
cant age-related gene expression patterns were observed 
in PDL tissue after 7-days OF application, at least in the 
age range included in this study (16.51 ± 6.67 years old). 
However, by day 28, we identified 181 DEGs, indicat-
ing that age-related transcriptional changes become 
more pronounced as orthodontic treatment progresses. 
Among the top 25 genes identified, CAPZB, FAM171A1, 
SPART and PPP1R12B are notably involved in cellular 
realignment and microfilament rearrangement within 
the PDL, which is essential for the PDL tissue remodel-
ing during OTM. CAPZB (Capping Actin Protein of 
Muscle Z-Line Subunit Beta) plays a key role in regu-
lating cell morphology and organizing the cytoskeleton 
[59]. FAM171A1 (Family with Sequence Similarity 171 
Member A1) contributes to cytoskeletal dynamics and 
is essential for actin stress fiber formation [60], while 
SPART may influence microtubule dynamics. Besides, 
PPP1R12B (Protein Phosphatase 1 Regulatory Subunit 
12B) encodes a regulatory subunit of protein phospha-
tase-1, which appears to be upregulated as part of a self-
protective mechanism. This response aids stretched cells 
in disassembling incompatible cytoskeletal structures to 
prevent excessive deformation and injury during the ini-
tial stages of stretch loading. Our results show that, aside 
from CAPZB, the expression of the other genes declines 
with age. This pattern underscores age-related changes 
in adaptive cytoskeletal modifications within PDL cells, 
suggesting a potential decline in PDL homeostasis and 
remodeling capacity in reaction to OF with age.

Additionally, genes related to bone homeostasis and 
regeneration exhibit distinct age-dependent expression 
patterns. YJEFN3 (YjeF N-Terminal Domain Contain-
ing 3), also known as apoA-I binding protein 2 (Aibp2), 
regulates angiogenesis [61]. PRDX6 (Peroxiredoxin 6) 
is essential for guiding human DPSCs toward osteo-
blast differentiation and has been closely associated 
with osteogenic differentiation, bone regeneration, and 
development [62]. VEGFB (Vascular Endothelial Growth 

Factor B) is a growth factor involved in vasculogenesis 
under hypoxic conditions, while MALAT1 (Metasta-
sis Associated Lung Adenocarcinoma Transcript 1) has 
been shown to regulate the osteogenic differentiation of 
periodontal ligament stem cells (PDLSCs) [63]. DMTF1 
(Cyclin D Binding Myb Like Transcription Factor 1) func-
tions as an early osteocyte-selective marker, playing a role 
in matrix mineralization, hydroxyapatite formation, and 
phosphate homeostasis [64]. Our results reveal that, with 
the exception of PRDX6, which increases in expression 
with age, other genes display a declining trend. This sug-
gests that periodontal tissue’s bone regeneration capac-
ity in response to OF may diminish with age, potentially 
impacting the PDL’s regenerative response.

Furthermore, functional analysis shows that GO cate-
gories related to biological processes and pathways high-
light aspects of gene expression homeostasis, including 
terms like “ribosomal small subunit biogenesis,” “ribo-
some biogenesis in eukaryotes,” and “ribosome”. These 
processes, alongside pathways associated with “angio-
genesis” and “cytoskeletal in muscle cells” relate to tis-
sue regeneration. Thus, functional analysis indicates that 
PDL homeostasis and regenerative capacity during OTM 
are likely reduced with age.

Final considerations and clinical remarks
One limitation of this study is the use of bulk RNA-seq, 
which does not provide detailed insights into the spe-
cific cellular functions of individual cell types embed-
ded in DP and PDL tissues. Future research utilizing 
single-cell RNA-seq or spatial transcriptomics could 
address this limitation by providing cell-type-specific 
resolution. Proteomics could provide more definitive 
evidence of the functional biological processes involved, 
as it is downstream of transcriptomics in the biological 
cascade. Additionally, the current study is constrained 
by a predominance of female patients and a small num-
ber of participants over 30  years old. Although this is a 
good reflection of the orthodontic population, it limits 
our ability to fully investigate the effects of aging on tis-
sue response to orthodontic force. Furthermore, when 
dividing the available samples into experimental groups 
and further by sex, the subgroup sizes become relatively 
small. This reduced sample size limits the statistical 
power to detect moderate differences in gene expression 
with high confidence, particularly in sex-specific com-
parisons at individual timepoints. As such, the absence 
of significant findings in some subgroups may reflect 
limited power rather than true biological similarity. 
Future prospective studies with larger, better-balanced 
cohorts are needed to validate and expand upon these 
observations. Moreover, due to technical constraints 
during data acquisition, the 7-day and 28-day samples 
were sequenced in different experimental batches. As 
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a result, we did not perform a direct differential expres-
sion analysis between these two timepoints, since any dif-
ferences observed could be confounded by batch effects 
rather than reflecting true temporal biological responses. 
If batch effects were not a concern, a direct comparison 
between the 28-day and 7-day samples could indeed pro-
vide valuable insights into the direction and dynamics 
of gene expression changes over time. We consider this 
a meaningful approach for future studies with improved 
batch balance and longitudinal design.

Despite these limitations, the genes identified in this 
study provide a wider insight into the biological back-
ground of OTM. To the best of our knowledge, this is 
the first study to investigate the transcriptomic profiles 
of both DP and PDL tissues subjected to OF, comparing 
them between men and women as well as among different 
ages, examining temporal changes across early and later 
phases of OTM. Results could offer a theoretical founda-
tion for more precise orthodontic treatment strategies, 
carrying direct clinical implications for personalized 
patient care. For instance, tailored, sex- and age-based 
force application protocols could be developed. Based 
on our results, the first orthodontic force application 
should be lighter in range and applied for a longer time 
in women, due to their more active, longer bone resorp-
tion processes and their less efficient pulp recovery. 
Additionally, older patients may benefit from longer force 
application of the first archwire, to allow more time for 
bone regeneration, supporting healthier tooth movement 
while addressing the reduced pulp repair and adaptive 
capacities associated with aging. Recognizing both sex- 
and age-related differences in dental tissue responses to 
OF could play a critical role in preserving tissue health 
during orthodontic treatment. Personalized approaches 
could minimize potential orthodontic side effects such as 
pain, exaggerated alveolar bone resorption, tooth mobil-
ity, pulp inflammation, pulp necrosis or root resorption, 
which are key clinical concerns for orthodontists, endo-
dontists, periodontists and more importantly, patients.

Conclusion
The gene expression of DP tissue subjected to OF shows 
no significant sex differences, while PDL tissue does, 
mostly in the early phase of OTM where women display 
a stronger osteoclastic response. Lower cell activity and 
proliferation is seen in both tissues with age. Age impacts 
DP tissue primarily by affecting calcium ion homeostasis 
and DNA damage repair in early phases of OTM, and tis-
sue repair and adaptive capacities in later phases. Finally, 
age-related effects on PDL tissue emerge mainly in later 
phases of OTM, influencing its regenerative response by 
a lower bone and PDL homeostasis.
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