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Abstract. Aging fibroblasts, an important factor contrib‑
uting to skin aging, are affected by numerous mechanisms, 
including alterations in DNA methylation and age‑related 
diseases. The current study aimed to investigate the role of Alu 
methylation in aging fibroblasts and hypertension. The Alu 
methylation levels in dermal fibroblasts obtained from patients 
of different ages and blood pressure status were analyzed 
using the combined bisulfite restriction analysis technique. An 
inverse correlation was observed between Alu methylation in 
dermal fibroblasts and patient age. Dermal fibroblasts from 
the high‑normal diastolic blood pressure group had higher 
Alu methylation levels compared with those from the normal 
group. The findings of the present study suggest that Alu 
methylation alterations can be observed with chronological 
aging and hypertension, and are a potential aging marker or 
therapeutic target.

Introduction

Aging is a biological process attributed to the functional 
decline of an organism, and it has been the subject of exten‑
sive research. It contributes to the pathogenesis of several 
degenerative diseases, such as cancer, diabetes, atheroscle‑
rosis, hypertension and Alzheimer's disease, which affect the 
quality of life of individuals and lead to functional decline and 

subsequent death (1). The key to reversing aging lies in under‑
standing its pathophysiology and underlying mechanisms. 
Several theories have been proposed to describe the phenom‑
enon of aging, including increased reactive oxygen species 
levels, mitochondrial dysfunction and telomere attrition (2,3). 
Epigenetic alterations have been identified as a contributing 
factor and have been proposed as one of the mechanisms 
underlying aging. These alteration have garnered the attention 
of researchers in recent years (4).

DNA methylation is a crucial epigenetic mechanism. The 
role of DNA methylation varies depending on its position in 
the genome. The loss or gain of methylation at particular posi‑
tions can result in altered gene expression, the basis for various 
diseases such as Beckwith‑Wiedemann syndrom and various 
type of cancers (5,6). In addition to the coding region, DNA 
methylation occurs in interspersed repetitive sequences (IRS) 
of the genome such as LINE‑1 and Alu. Alu is a short IRS 
that accounts for 13.7% of the human genome (7). The Alu 
element is a transposable element capable of replicating and 
inserting itself into different areas of the genome. It contains 
a high proportion of CpG islands which are sites of DNA 
methylation. As a result, 25% of the methylation in the genome 
is located in Alu (7). Alu methylation suppresses transposon 
activity, while Alu hypomethylation can lead to high trans‑
poson activity, resulting in genomic instability and aging (8). 
The methylation level of Alu is dynamic during normal cell 
differentiation and tumorigenesis (7,8). With regards to aging, 
previous studies have illustrated the association between the 
methylation of the Alu elements and aging, but others have 
reported conflicting results (8‑10). Alu hypomethylation is 
associated with age‑related, noncommunicable diseases such 
as osteoporosis, diabetes and Alzheimer's disease (11‑13).

The skin is the largest organ of the human body. The 
aging process in the skin can be observed externally through 
morphological changes, such as wrinkles, pigmentation and 
abnormal hyperplasia. Owing to its location, the skin is the most 
susceptible organ to external aging factors, such as ultraviolet 
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radiation and pollution. Skin aging can cause delayed wound 
healing and loss of functional barriers to microbes (14,15).

Dermal fibroblasts, which are responsible for various physi‑
ological functions of the skin, play a central role in skin aging. As 
dermal fibroblasts rarely proliferate, they are more susceptible 
to age‑related damage, thus compromising cell function (14). 
In skin aging, collagen, the most abundant component of the 
extracellular matrix (ECM) secreted by dermal fibroblasts, 
is fragmented and decreasing in collagen production (15‑17). 
This is due to an increase in matrix metalloproteinase activity 
and impaired growth factor signal transduction, a change that 
occurs as a result of fibroblast aging (18). Other components 
of the ECM also change during aging. Elastin, another major 
component of the ECM produced by fibroblasts, is selectively 
degraded during the intrinsic skin aging process (19). Such 
alterations in fibroblast function and ECM remodeling can be 
observed externally in the aging phenotypes of the skin, such 
as wrinkles and loss of elasticity (20). Most prominently, these 
changes can be visualized in the facial area, as fibroblasts in 
this region are thin and subjected to photoaging and intrinsic 
chronological aging. Age‑related phenotypes of the skin in the 
periorbital area are accurate predictors of biological aging (21).

In addition to the direct effects of aging, dermal fibroblasts 
are affected by hypertension, an important age‑related disease 
with a high prevalence rate of 30‑45% (22,23). In vitro studies 
have shown that dermal fibroblasts subjected to increased 
pressure exhibit accelerated aging phenotypes (24,25). This 
is clinically associated with ulcers in chronic venous hyper‑
tension, wherein fibroblasts lose their ability to proliferate 
resulting in aberrant wound healing (26). The effect of hyper‑
tension on dermal fibroblasts is speculated, given the results 
of a previous study on fibroblasts from other organs (26‑28). 
Hypertension has been linked to the altered activity of cardiac 
fibroblasts, such as collagenase dysregulation and cellular 
dedifferentiation (27,28). Although hypertension alters the 
gene expression profile and cellular phenotypes of dermal 
fibroblasts, the epigenetic events taking place remain poorly 
understood (29,30). Understanding epigenetic events will 
provide useful insights into whether and how hypertension 
accelerates aging in dermal fibroblasts.

Several studies have investigated the mechanisms and 
pathophysiology of fibroblast aging, including the role of 
epigenetic alterations. Changes in the DNA methylation status 
of human dermal fibroblasts at specific loci have been observed 
during aging (31,32). It is proposed that rather than occurring 
randomly during ontogenetic development, these site‑specific 
changes are specifically regulated through unknown mecha‑
nisms. Moreover, most of the identified loci were located in 
the gene and promoter regions, resulting in a lack of extensive 
research on IRS (32). These specific modifications in the 
methylation status cannot explain the global hypomethylation 
phenomenon, which is considered to be the result of passive 
random loss of methylation, a phenomenon which the methyla‑
tion status of the IRS is more reflective (9,33,34). The role of 
DNA methylation in IRS, specifically that of Alu methylation 
in the process of skin cell aging, whether by the chronological 
aspect of aging itself or the effect of aging through inter‑
mediary age‑related diseases such as hypertension, is yet to 
be investigated. In the current study, the aim was to explore 
the correlation between the Alu methylation status in human 

dermal fibroblasts and the chronological age of patients whose 
specimens were analyzed. The weather age‑related diseases, 
namely hypertension, affect the dermal fibroblast methylation 
profile was also investigated.

Materials and methods

Study design, sample size and population. The present study 
is an analytical cross‑sectional study. A total of 39 samples 
were obtained from patients who visited the plastic and recon‑
structive surgery clinic at King Chulalongkorn Memorial 
Hospital (Bangkok, Thailand) for surgical procedures taken 
place between September 2020 and September 2021. All 
patients were recruited following the inclusion and exclusion 
criteria. The inclusion criteria included: i) Indication for skin 
surgery with the excision of normal tissues; ii) ≥18 years old; 
and iii) ability to make an informed decision. The exclusion 
criteria included low quality or quantity of DNA from the 
cultured cells and the presence of active skin disease at the site 
of operation. The patients were then divided into two groups 
according to their age at the date of tissue resection: The 
young age group (<60 years old; n=22) and the old age group 
(>60 years old; n=17). Patients were also divided into three age 
groups: Young (<45 years old; n=8), middle (45‑60 years old; 
n=14), and old (>60 years old; n=17). The patients were then 
categorized into three groups according to their systolic blood 
pressure (SBP) and diastolic blood pressure (DBP) as: Normal 
(SBP<130 mmHg; DBP<85 mmHg), high‑normal (SBP range, 
130‑139 mmHg; DBP range, 85‑89 mmHg) and hypertensive 
(SBP≥140 mmHg; DBP≥90 mmHg) (22); based on SBP, there 
were a total of 14, 14 and 11 patients in every group, respec‑
tively, and based on DBP, there were 17, 12 and 10 patients 
in every group, respectively. Tissue samples were grouped 
according to the surgical site as eyelid or non‑eyelid (Table SI). 
There was a total of 29 eyelid and 10 non‑eyelid samples (three 
brow samples, four sub‑brow samples, one ear sample and two 
alar samples). The lifestyle factors of the patients were not 
recorded, therefore, the samples were grouped randomly for 
these factors.

Ethical statement. The current study was reviewed and 
approved by the institutional review board of the Faculty of 
Medicine, Chulalongkorn University (approval no. 353/63). 
All 39 samples were acquired from patients who underwent 
surgery at the plastic and reconstructive surgery clinic at King 
Chulalongkorn Memorial Hospital from September 2020 to 
September 2021. Written informed consent was obtained from 
all patients before they participated in the study. The establish‑
ment of primary cell lines from patients in the present study 
was approved by the same institutional review board.

Cells and culture. Dermal tissues were collected from patients 
during surgical procedures. The participants had not received 
systemic or topical treatment in the month before the surgery. 
After excision, specimens were cut into pieces of size range 
0.5‑1 cm2 and immersed in Dulbecco's Modified Eagle 
medium (DMEM) (Sigma‑Aldrich; Merck KGaA) for trans‑
portation to the laboratory. The dermis was explanted from 
the surgical specimen and cut into several 5‑mm2 pieces in 
the laboratory. The pieces were then placed in Roux culture 
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bottles and cultured in DMEM high glucose (Sigma‑Aldrich; 
Merck KGaA) mixed with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.). The bottles were placed in an 
incubator at 37˚C in humidified air containing 5% CO2. The 
cells were subcultured every 7 days.

DNA preparation and measurement of the CpG methylation 
level of the Alu repetitive sequence. Cells in passages I, III 
and V were harvested by trypsinization. The suspension was 
centrifuged at 1,500 x g at 4˚C for 3 min to separate the cells 
from the solution. The supernatants were discarded, and 500 µl 
Lysis Buffer II (0.75 M NaCl and 0.024 M EDTA at pH 8.0), 
50 µl 10% sodium dodecyl sulfate (Sigma‑Aldrich; Merck 
KGaA) and 50 µl Proteinase K (United States Biological) were 
then added for DNA extraction. The suspension was incubated 
overnight at 50˚C until the cells were lysed.

Phenol/chloroform was then added to the cell lysate, and 
the mixture was centrifuged to separate DNA from the organic 
compounds. The DNA‑containing supernatant was removed 
and precipitated with 100% isopropanol. The combined 
bisulfite restriction analysis (COBRA) technique was used to 
identify methylation sites (35). The DNA was treated with 
sodium bisulfite using the EZ DNA Methylation‑Gold kit 
(Zymo Research Corp.), according to the manufacturer's 
protocol.

To determine the methylation level of the CpG site, specifi‑
cally at the Alu element, polymerase chain reaction (PCR) 
using the Alu forward primer 5'‑GGY GUG GTG GTT TAY 
GTT TGT AA‑3' and the Alu reverse primer 5'‑CTA ACT TTT 
TAT ATT TTT AAT AAA AAC RAA ATT TCA CCA‑3' with 
the following conditions was performed: Initial denaturation 
at 95˚C for 15 min and 35 cycles of denaturation at 95˚C for 
45 sec, annealing at 57˚C for 45 sec and extension at 72˚C 
for 45 sec followed by a final extension at 72˚C for 15 min. 
The Alu sequence primers were based on the Alu nucleotide 
sequences from the accession number NM_031483.7 (36), and 
the aforementioned set of primers was used in our previous 
study (9,11,35,37,38). The PCR products were subjected to 
sodium bisulfite treatment (35). The PCR product was digested 
with TaqI cut enzyme (Thermo Fisher Scientific, Inc.) and 
incubated at 65˚C for 16 h. The product was analyzed by gel 
electrophoresis on an 8% non‑denaturing polyacrylamide gel. 
The gels were submerged in SYBR Green (Lonza Group, 
Ltd.) for 30 min for staining. Band intensity was observed 
and measured using Strom840 and ImageQuanNT Software 
(Amersham; Cytiva). DNA from HeLa cells was used as a 
positive control for agarose gel electrophoresis and band inten‑
sity measurement (Fig. S1).

In the COBRA method, the methylation pattern of two 
CpG loci is reflected in the band length, which can be clas‑
sified as follows: Alu loci with two unmethylated CpGs 
(uCuC; 133 bp); Alu loci with two methylated CpGs (mCmC; 
58 and 32 bp, respectively); Alu loci with a 5'‑unmethylated 
CpG and a 3'‑methylated CpG (uCmC; 75 bp); and Alu loci 
with a 5'‑methylated CpG and a 3'‑unmethylated CpG (mCuC; 
90 bp).

The intensity of each band was calculated by dividing 
the measured intensity (arbitrary unit according to the 
ImageQuanNT) by the length of each band as follows: A) 
133 bp/133; B) 58 bp/58; C) 75 bp/73; D) 90 bp/90; and E) 

43 bp/41. The percentage of Alu methylation was calculated by 
comparing the number of methylated CpG loci to all the CpG 
loci located in Alu ([B +E]/[2A + B + C + D + E]) x100.

Statistical analysis. Statistical analysis was performed using 
SPSS (version 25.0; IBM Corp.). The Alu methylation status 
was assessed, and compared between the young and old age 
groups, two categories of surgical sites and two sexes using an 
unpaired Student's t‑test, with the effect of sex regressed out in 
the first two analyses due to the high skewness between sexes. 
Owing to the high skewness, the homogeneity of variance 
and normality of distribution were also investigated, both of 
which met the assumption of an unpaired t‑test (Levene's test, 
P>0.05; Shapiro‑Wilk test, P>0.05). Age and Alu methyla‑
tion were evaluated using Spearman's rho. Subgroup analysis 
was performed for each surgical site group to determine the 
relationship between age and Alu methylation in eyelid and 
non‑eyelid tissues using an unpaired t‑test. The comparisons 
of the Alu methylation overall level and uCuC, uCmC and mCuC 
patterns between the SBP and the DBP groups were performed 
using one‑way analysis of variance (ANOVA), assuming the 
variances were unequal (Welch's) and homogeneity of variance 
was equal (Levene's test, P>0.05) followed by Tukey's post hoc 
test. An unpaired t‑test was also performed to compare the Alu 
methylation status between the SBP and DBP groups. Two‑way 
ANOVA was performed to assess the interaction between age 
groups, DBP groups and Alu methylation status. Homogeneity 
of variance and normality of distribution were determined 
(Levene's test, P>0.05; Shapiro‑Wilk test, P>0.05). Sex could 
not be included in these analyses because of multicollinearity. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Methylation level and sexes. The differences in Alu meth‑
ylation levels between male and female patients were not 
statistically significant (P>0.05; Fig. 1).

Alu methylation pattern and chronological ages. The Alu 
methylation levels of human dermal fibroblasts obtained from 
patients of different ages were analyzed. Patients were clas‑
sified using two criteria as follows, first criteria into two age 
groups: Young age (≤60 years old) and old age (>60 years old), 
and second criteria into three age groups: Young age (<45 years 
old), middle age (45‑60 years old) and old age (>60 years old). 
The additional stratification in the three groups criterion was 
done to assess subtle changes that occur during the aging 
process and to enhance the clarity of the observed trends.

In the two‑group criteria, there were statistically signifi‑
cant differences in the Alu methylation between young and 
old age groups (30.90±1.66 and 29.40±1.99%, respectively; 
Fig. 1A) using two‑way ANOVA considering the surgical 
site, and SBP and DBP groups as co‑independent variables 
(P=0.023, 0.036 and 0.013, respectively). When sex was used 
as a co‑independent variable, a trend with an almost statisti‑
cally significant difference was observed (P=0.051). Regarding 
the pattern of Alu methylation, the percentage of uCuC was 
found to be significantly higher in the old age group using 
two‑way ANOVA with DBP status as covariate (young age 
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group, 41.60±3.56% and old age group: 43.70±5.74%; P<0.05; 
Fig. 1B).

In the three‑group criteria, there was a significant differ‑
ence between young, middle and old age groups using 
two‑way ANOVA with DBP status as a covariate (31.20±2.14, 
30.70±1.79 and 29.40±2.03, respectively; P<0.01). Post‑hoc 

analysis showed statistically significant differences between 
the young and old age, and the middle and old age groups with 
both the young age and the middle group having significantly 
higher methylation than the old age group (P<0.05; Fig. 2A).

To avoid the effect of arbitrary grouping, correlation 
matrix analysis was performed using Spearman's rho since age 

Figure 2. Alu methylation level and percentage of methylation pattern alleles in dermal fibroblasts collected from patients of different ages. In the three‑group 
criteria, patients were classified into the young age group (<45 years old; n=8), middle age group (45‑60 years old; n=14) and old age group (>60 years old; 
n=17). Statistical significance was calculated using two‑way analysis of variance with DBP status as a covariate. (A) Alu methylation level in young, middle 
and old age groups. The mean ± SD Alu methylation levels were 31.20±2.14, 30.70±1.79 and 29.40±2.03%, respectively (P<0.01). Post‑hoc analysis revealed 
P<0.05 in both young‑middle and middle‑old comparisons. (B) Percentage of the partial methylated allele mCuC. The mean ± SD Alu methylation levels were 
21.40±2.21, 23.40±2.10 and 22.20±2.13 for the young, middle and old groups, respectively (P<0.05). (C) Percentage of the unmethylated allele uCuC. The 
mean ± SD Alu methylated levels were 42.70±5.34, 41.00±2.00 and 43.70±5.74 for the young, middle and old groups, respectively (P<0.05). DBP, diastolic 
blood pressure. *P<0.05, **P<0.01.

Figure 1. (A) Alu methylation levels in dermal fibroblasts collected from patients of different ages and sexes. The young age group was classified as ≤60 years, 
while the old age group was defined as >60 years. Regarding mean Alu methylation shown as mean ± SD, that was 30.9±1.66% for 22 samples in the young 
group and 29.40±1.99% for 17 samples in the old group. The statistical significance of the differences was calculated using two‑way ANOVA considering 
the surgical site, SBP and DBP groups as co‑independent variables (P=0.023, 0.036 and 0.013, respectively). There were 34 females and five males with a 
mean ± SD Alu methylation level of 30.20±2.06 and 30.19±2.38%, respectively. An independent samples t‑test was performed (P>0.05). (B) Percentage of 
the unmethylated allele uCuC in the young and old age groups. The mean ± SD Alu methylation levels of the young and old groups were 41.60±3.56 and 
43.67±5.74%, respectively; P=0.016, calculated using two‑way ANOVA with DBP status as a covariate. *P<0.05. Ns, not significant; ANOVA, analysis of 
variance; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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was considered only in years and not as continuous numbers. 
Assuming that the age and Alu methylation would be nega‑
tively correlated, the correlation was statistically significant 
(P=0.047; r=‑0.272; Fig. 3).

Using two‑way ANOVA with DBP status as a covariate 
statistical test for the methylation pattern analysis, the mCuC 
methylation was shown to be highest in the middle age 
group, followed by the old and young age groups (21.40±2.21, 
23.40±2.10 and 22.20±2.13% in young, middle and old 
respectively; P<0.05; Fig. 2B. A similar but inverse trend was 
observed in the uCuC methylation, where this pattern was 
lowest in the middle age group, followed by young and old age 
(42.70±5.34, 41.00±2.00 and 43.70±5.74% in young, middle 
and old respectively; P<0.05; Fig. 2C). Post‑hoc analysis 
showed a difference in the mCuC methylation percentage 
between the old and middle age groups, and a difference in 
the uCuC methylation percentage between the middle and both 
the young and old age groups; all differences described were 
statistically significant (P<0.05; Fig. 2B and C).

Surgical site and aging pattern. Tissue samples were also 
classified into two groups according to the surgical site: 
Eyelid and non‑eyelid. No statistically significant differences 
were shown in the Alu methylation between the two groups 
(Fig. 4A). Subgroup analysis revealed that the correlation 
between Alu methylation and age was stronger in the eyelid 
group than in the non‑eyelid group (P=0.087 and P=0.112, 
respectively; Fig. 4B). The number of Alu loci with uCuC, 
uCmC and mCuC methylation patterns was not statistically 
different among age groups in tissues from both eyelid 
and non‑eyelid groups. The methylation of samples from 
different surgical sites is shown in Fig. 4. A general trend but 
non statistically significant of lower Alu methylation levels 
can be observed in the old age group compared with those in 
the young age group in both eyelid and non‑eyelid samples. 
Notably, some surgical sites, namely the ear and alar, only 
have samples from the young age group. This was attributed 
to the difficulty in recruiting subjects as these areas tend to 
exhibit fewer features of aging and, therefore, have fewer 
needs for reconstructive surgery.

Methylation level and blood pressure. Patients were classified 
into three groups based on their blood pressure measured on 
the day of the surgery: Normal, high‑normal and hyperten‑
sive, according to the ESC/ESH guidelines on hypertension 
published in 2018 (21). The Alu methylation levels in the 
normal, high‑normal and hypertensive groups according to 
SBP were 30.30±2.15, 30.20±2.15 and 30.10±2.06%, respec‑
tively (Fig. 5A), whereas the Alu methylation levels in the DBP 
groups were 29.60±1.85, 31.10±1.78 and 30.20±2.48% for the 
normal, high‑normal and hypertensive groups, respectively 
(Fig. 5B). The percentage of uCuC methylation was also anal‑
ysed for the normal, high‑normal and hypertensive groups; 
for SBP, these were 42.80±5.57, 42.70±3.84 and 41.90±4.84%, 
respectively (Fig. 5C), and for DBP these were 44.20±5.19, 
40.40±2.95 and 42.30±4.79%, respectively (Fig. 5D). Analysis 
of DBP showed a statistically significant increase in the 
overall Alu methylation in the high‑normal group compared 
with that in the normal group (P<0.05; Fig. 5B). The uCuC Alu 
methylation pattern was also found at lower proportions in the 
high‑normal DBP group compared with that in the normal 
group (P<0.05; Fig. 5D). Two‑way ANOVA with the three age 
groups as a covariate also revealed a statistically significant 
difference in the uCuC methylation percentage between the 
prehypertensive (diastolic high‑normal) and hypertensive 
groups. No statistically significant differences in SBP were 
observed among the groups (P>0.05; Fig. 5A and D).

Methylation pattern, age and DBP. Two‑way ANOVA of the 
percentage of uCuC patterns showed an interaction between age 
and DBP when analyzing both factors as covariates (P=0.01; 
data not shown). Other interactions between age, DBP and Alu 
methylation level, the percentages of mCuC and uCmC patterns 
were not statistically significant (P>0.05).

Discussion

Samples were classified into two groups based on age at the 
time of sampling. Results showed that the Alu methylation 
levels in the young and old age groups were statistically 
different (P≤0.05), with the Alu methylation levels in the old 
age group being statistically lower than those in the young 
group.

Several studies have reported an inverse correla‑
tion between advanced chronological age and global 
hypomethylation in various tissues, including fibroblasts from 
the lung (9,39,40). The methylation level of the Alu element, 
with ~1.4 million copies interspersed in the human genome, has 
long been regarded to reflect the global methylation level (10). 
Cho et al (41) showed that Alu hypomethylation is present in 
cancerous samples from older patients. A similar association 
between age and Alu hypomethylation was observed in normal 
cells, such as white blood cells (13). However, the correlation 
between Alu methylation patterns and age in human dermal 
fibroblasts is yet to be determined.

COBRA was selected to measure the methylation levels 
based on the comparability of the results with those of pyro‑
sequencing and high‑throughput sequencing methods (9,37). 
COBRA‑IRS can also illustrate methylation patterns that are 
potential markers in the diagnosis of several diseases, including 
cancer, autism spectrum disorders and schizophrenia (42‑44).

Figure 3. Plot of Alu methylation level with age. All 39 samples were included 
in the Spearman's rho analysis. A negative correlation was hypothesized, 
and the correlation was found to be statistically significant (P=0.047 and 
r=‑0.272). *P<0.05.
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The results of the present study are similar to those of 
other studies in different tissues; the Alu methylation levels 
in human dermal fibroblasts decrease with age (10,45). There 
are two possible explanations for such a correlation: First, 
in agreement with multiple studies on human diploid fibro‑
blasts, the change in methylation patterns may be the result 
of age‑related chromatin remodeling, which is thought to be 
the basis of altered epigenetic control of retrotransposable 
elements in aging (45,46). Second, according to a study by 
Patchsung et al (37), the manipulation of Alu methylation 
levels could result in the reversal of aging phenotypes and 
increase cell resistance to DNA damage. These results led to 

the hypothesis that, rather than being a downstream event of 
other aging mechanisms, Alu hypomethylation may play an 
active role in the aging process or both. Alu hypomethylation, 
an effect of chronological aging, may reactivate retrotranspos‑
able elements, causing genomic instability and making cells 
more susceptible to DNA damage accumulation. Another 
possible mechanism by which Alu methylation stabilizes 
DNA is by relieving DNA tension, which makes the DNA 
less susceptible to pathological endogenous double‑strand 
breaks. This was illustrated in a study by Patchsung et al (37), 
who found that increasing Alu methylation reduced endog‑
enous double‑strand breaks and made cells less susceptible 

Figure 4. Alu methylation level and surgical sites. (A) There were 28 samples from eyelid sites and 10 from non‑eyelid sites (three brow samples, four sub‑brow 
samples, one ear sample and two alar samples). (B) Among the eyelid samples, a total of 15 and 13 were from the young and the old age group, respectively. 
Among the non‑eyelid samples, six and four samples were from the young and the old age group, respectively. Statistical analysis was done in each surgical 
site group to compare the two age groups using an independent samples t‑test (P>0.05). Ns, not significant.

Figure 5. Alu methylation and blood pressure status. SBP and DBP were used to categorize patients into three groups: Normal (SBP<130 mmHg; 
DBP<85 mmHg), high‑normal (SBP range, 130‑139 mmHg; DBP range, 85‑89 mmHg) and hypertensive (SBP≥140 mmHg; DBP≥90 mmHg). Based on 
SBP, there were 14, 14 and 11 patients in the normal, high‑normal and hypertensive group, respectively. Based on DBP, there were 17, 12 and 10 patients in 
the normal, high‑normal and hypertensive group, respectively. (A) Alu methylation level and SBP status. No statistical difference was found using ANOVA, 
assuming the variances were unequal (Welch's) and the homogeneity of variance was equal (Levene's test, P>0.05). (B) Alu methylation level and DBP 
status. A statistical difference was observed between the high‑normal and normal groups using an independent samples t‑test (P<0.05). (C) Percentage of the 
unmethylated allele uCuC and SBP status. No statistical difference was found using one‑way ANOVA. (D) Percentage of the unmethylated allele uCuC and 
DBP status. A statistical difference was observed between the high‑normal and normal groups using independent samples t‑test. *P<0.05. SBP, systolic blood 
pressure; DBP, diastolic blood pressure; ANOVA, one‑way analysis of variance; ns, not significant.
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to DNA‑damaging agents (37,47). The current methylation 
pattern analysis also suggested that the age‑related methylation 
change of Alu may be a dynamic process similar to uCuC and 
mCuC loci percentage, which was found to be at the bottom and 
peak in the middle‑aged group compared with the expected 
trend of continuous change from young to old age. It was 
hypothesized that this phenomenon may be explained by the 
dynamic transfer of methyl groups between loci, resulting in 
a distinct pattern for each age range while retaining the over‑
arching trend of overall methylation loss. Further studies are 
required to examine this hypothesis by increasing the sample 
size and age stratification to study the molecular events under‑
lying the process in depth. It was also shown that no notable 
changes in the uCmC loci were reported in another study by 
our team in burned skin (35). Based on this contradiction, the 
study of methylation patterns points to multiple mechanisms 
underlying the Alu methylation change. Further studies should 
confirm these hypotheses and determine whether the proposed 
mechanisms apply to human dermal fibroblasts.

Subgroup analyses based on sex and surgical site found 
no differences in the Alu methylation levels. The observation 
regarding Alu methylation and sex is consistent with a study 
conducted in another cell type, the peripheral blood mono‑
nuclear cell, by Jintaridth and Mutirangura (9). The correlation 
between Alu methylation and age found in the current study, 
although statistically significant, was presented with a small 
margin between the age groups. This is in concordance with 
other studies, one of which found that the difference in Alu 
methylation between young and old age groups was only 
1% (48). Furthermore, high intragroup variability was observed, 
which suggests that the human dermal fibroblast Alu methyla‑
tion levels may depend on several factors other than age, such 
as DBP. Future studies should include other demographic traits 
as control variables to avoid confounding effects. Intragroup 
variability may also occur because the Alu methylation status 
is more strongly correlated with physiological aging than 
with chronological aging (45). To uncover this, further studies 
should consider classifying samples using an aging phenotype 
based on criteria such as the activity of β‑galactosidase, and 
the proliferation profile and expression of apoptotic proteins. 
Studies should also collect information on lifestyle factors 
including occupation, diet, exercise and outdoor activities, a 
number of which are important in aging and Alu methylation. 
It is noteworthy that the present study was conducted using skin 
from the eyelids and other facial areas. Skins in these regions 
are most prone to aging due to their thinness and greater 
exposure to sunlight (21). Therefore, the effect of aging may 
be exacerbated, and intrinsic chronological aging may also 
be supplemented by photoaging. Although these two modes 
of aging are similar epigenetically, further research should be 
carried out involving the use of fibroblasts from other areas of 
the body to confirm the phenomenon observed in the current 
study is generally applicable to dermal fibroblasts (49).

The current study classified the patients into three groups 
according to their blood pressure levels. SBP and DBP were 
considered separately. The results showed a statistically 
significant increase in Alu methylation in the high‑normal 
DBP group compared with that in the normal DBP group. No 
differences were found between groups classified according to 
SBP. This is in line with most studies showing that changes in 

DNA methylation, including Alu methylation, usually occur in 
conjunction with elevated DBP (49,50). SBP and Alu methyla‑
tion were reported only by one study and are considered to be 
more susceptible to transient changes such as anxiety, exertion 
and other disrupting factors; they are therefore not reflective 
of the baseline patient status (49,51). A debatable aspect of the 
results of the present study was that it showed a positive corre‑
lation between DBP and Alu methylation, a result supported by 
a study by Alexeeff et al (51) but contradicting others (48‑50). 
This contradiction may be due to the different tissue types 
used in the analysis. All previous studies have used peripheral 
leukocytes as a model, whereas the present study used dermal 
fibroblasts. Therefore, the alteration of methylation levels 
might be regulated by a different process.

Results also confirm the findings of several studies showing 
that blood pressure can affect dermal fibroblasts. A study by 
Delva et al (52) illustrated the link between hypertension and 
alterations in collagen synthesis and the proliferative activity 
of dermal fibroblasts. Another study by Kosugi et al (29) 
reported an increase in the activity of phospholipase C, a 
target of angiotensin II, vasopressin and thromboxane A2 in 
dermal fibroblasts obtained from patients with hypertension. 
Both studies suggested that dermal fibroblasts may play a role 
in the pathogenesis of hypertension.

Similar to that in the aging study, patterns of Alu meth‑
ylation were identified using COBRA analysis. Overall, 
methylation was higher in the high‑normal DBP group than 
that in the normal DBP group. The unmethylated allele, 
the uCuC methylation pattern, was significantly lower in the 
high‑normal DBP group than in the normal and high DBP 
groups. Therefore, it was hypothesized that similar to that 
in aging, these alterations are dynamic processes. Two‑way 
ANOVA analysis of the uCuC methylation pattern revealed a 
statistically significant interaction between aging and DBP, 
suggesting that both processes share an underlying epigenetic 
event or complement each other in the progression of the 
pathogenetic process. This is a likely possibility, given that 
hypertension is known to be an age‑related disease. Given the 
connection between dermal fibroblasts and hypertension in a 
previous study and the pattern of our results, it is also possible 
that rather than being the victim of damage by hypertension, 
dermal fibroblasts may play an active role. Further studies 
could answer this question as this may serve as a basis for 
a better understanding of the pathogenesis of hypertension. 
Furthermore, the result of two‑way ANOVA, which revealed 
a statistically significant difference in the uCuC percentage but 
not overall Alu methylation, indicating a correlation between 
uCuC percentage and diastolic hypertension. Therefore, further 
validation is suggested to investigate the potential utility of 
the uCuC percentage as a more efficient marker than the Alu 
methylation level.

In conclusion, Alu hypomethylation is correlated with 
chronological age in human dermal fibroblasts. The Alu 
methylation levels were significantly lower in the young age 
group than those in the old age group. Alu methylation was 
also higher in fibroblasts in patients with high‑normal DBP 
than in those with normal DBP. Dynamic alteration in the 
methylation of Alu element was also observed in both aging 
and diastolic hypertension. Taken together, Alu methylation 
may play an active role in the aging of skin fibroblasts and the 
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pathogenesis of hypertension. The present study could serve 
as a foundation for further investigations of skin aging, its role 
in the pathogenesis of hypertension and the development of 
therapeutics to reverse this process.
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