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Abstract

Menopause, which may accelerate the hallmarks of the natural aging process, represents a

point in time characterized by the permanent cessation of menstruation following the loss of

ovarian estrogen production. Unlike natural menopause, which is characterized by a gradual

decrease in estrogen production, when both ovaries are removed before the natural age of

menopause, the onset of estrogen deprivation is abrupt. Further, a decrease in genome

methylation frequently occurs in aging cells, and the major interspersed repetitive DNA ele-

ments in humans are Alu elements. In blood cells, Alu demethylation starts at an age of

approximately 40 years, and increases with age. Here, we explored the Alu methylation lev-

els corresponding to age-matched pre-menopausal, naturally postmenopausal, and surgi-

cally postmenopausal women aged 45–55 years (n = 60 in each group). Our results

indicated that the body mass index (BMI), time-since-menopause, and Alu methylation lev-

els corresponding to the three groups were significantly different. However, no correlations

between Alu methylation level and BMI, time-since-menopause, or age were observed.

Additionally, the Alu methylation level corresponding to the natural post-menopause group

was significantly lower those corresponding to the pre-menopausal (p = 0.001) and surgical

post-menopausal (p = 0.037) groups. In conclusion, Alu hypomethylation occurs in naturally

postmenopausal women, implying that when women reach the age of natural menopause,

the cell aging process may progress significantly with genome hypomethylation. These find-

ings, notwithstanding, further studies are necessary to clarify whether bilateral oophorec-

tomy before the age of menopause affects the cell aging process to a greater extent than

natural menopause, and whether estrogen therapy or other interventions can delay cell

aging in this regard.
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Introduction

Aging, which is characterized by a progressive loss of physiological integrity, leads to impaired

body function and increased risk of disease and death [1]. Reportedly, the life-time risk of devel-

oping a non-communicable disease (NCD) at age 45 years and above is 90%. Moreover, it has

been observed that at least one-third of NCDs subsequently develop into multiple NCDs [2]. In

women, several long-term health effects of aging, including osteoporosis, cardiovascular disease,

stroke, and cognitive impairment, increase after menopause, which represents a point in time that

is characterized by the permanent cessation of menstruation following the loss of ovarian activity,

especially estrogen production. Estrogen plays an important role in the regulatory mechanisms

required for tissue maintenance and repair, such as mitochondrial function, intracellular commu-

nication, stem cell division, and circadian rhythms [3–7]. The loss of estrogen production may

accelerate the hallmarks of the natural aging process, including genomic instability, telomere attri-

tion, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dys-

function, cellular senescence, stem cell exhaustion, and altered intercellular communication [1].

Furthermore, epigenetic regulation involves three activities, namely, DNA methylation, chroma-

tin remodeling, and histone protein modification, and it has been observed that global hypomethyla-

tion reduces genome methylation at interspersed repetitive sequences (IRSs), which are major

contributors to genome size, accounting for approximately 45% of human genomic DNA [8].

Under normal circumstances, IRSs are methylated to varying degrees depending on their location

[9]. However, global hypomethylation, primarily owing to the loss of IRS methylation, occurs with

the aging process [10], and among IRSs, Alu, which prevents endogenous DNA damage, is the most

abundant short intersperse element [8, 11]. Owing to Alu hypomethylation, DNA accumulates the

damage and becomes unstable [12]. It has also been reported that aging and aging-related diseases,

such as postmenopausal osteoporosis, are associated with Alu hypomethylation [12–14].

In natural menopause, estradiol levels do not gradually reduce during the period before meno-

pause. Rather, they remain within the normal range and even become slightly elevated until

approximately 1 year before the cessation of follicular growth and development [15]. Bilateral sal-

pingo-oophorectomy, which is performed before the natural age of menopause and is defined as

surgical menopause, is associated with overall mortality and adverse long-term health effects, such

as the deterioration in bone health, cardiovascular health, and sexual as well as cognitive function

[16]. Thus, different menopausal statuses may not show identical cell aging processes. In this

study, we aimed to determine the Alu methylation levels in women with different menopausal sta-

tuses to the end of evaluating the cell aging process that occurs in women owing to menopause.

We analyzed the levels and patterns of DNA methylation owing to dissimilar alterations in

IRS DNA methylation. Previously, using Combined Bisulfite Restriction Analysis (COBRA),

we showed the existence of not only a general, but also a locus-specific influence of long inter-

spersed nuclear element 1 and Alu methylation as well as the associated pattern [17]. Presently,

there are various techniques, including pyrosequencing and COBRA that offer the possibility

to accurately measure methylation levels [18]. In this study, we used COBRA to evaluate Alu

methylation levels. Our results indicated that Alu hypomethylation occurs in naturally post-

menopausal women, and that the cell aging process may progress significantly as the genome

is hypomethylated when women reach the age of natural menopause.

Materials and methods

Subjects

A total of 180 women were enrolled at the Menopause Clinic, King Chulalongkorn Memorial

Hospital, Bangkok, Thailand, within the December 2018 to September 2019 period. The
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participants were assigned to three groups, namely, the pre-menopausal, natural postmeno-

pausal, and surgically postmenopausal groups (n = 60 per group). The subjects were recruited

according to the following criteria: 1) provided consent to participate, 2) aged 45–55 years,

and 3) premenopausal women who had regular menstrual cycle with serum follicle-stimulat-

ing hormone levels < 25 IU/ml, or naturally postmenopausal women who had a history of

12-month amenorrhea with serum follicle-stimulating hormone levels > 40 IU/ml. Further,

the time-since-menopause was 1–10 years, or surgically postmenopausal women who had

undergone bilateral oophorectomy before menopause. Women with a history of cancer, diabe-

tes mellitus, hypertension, osteoporosis, autoimmune diseases, smoking, history of chemother-

apy, history of radiation therapy, or those who were administered hormone therapy within the

past six months were excluded. Demographic data, including age, menopausal status, time-

since-menopause, weight, height, and body mass index (BMI), were collected. The main out-

come was Alu methylation level (%) in peripheral blood cells.

First, we conducted a pilot study to measure the Alu methylation levels in blood samples

from premenopausal, naturally postmenopausal, and surgically postmenopausal women. This

preliminary study showed Alu methylation levels of 75.07 ± 0.40%, 72.55 ± 0.60%, and

73.72 ± 0.01%, for the three groups, respectively. Thereafter, the sample size was calculated

based on the pilot study data using the formula for each specific population (infinite popula-

tion mean) with standard deviation = 0.6, error = 0.2, and alpha = 0.01. The final sample size

was 60 participants per group, with age-matched controls.

Blood sample collection and DNA preparation for COBRA Alu

Heparinized whole blood samples (3 ml) were centrifuged to remove the buffy coat containing

white blood cells. After the addition of 1 ml of red blood cell (RBC) lysis buffer into the sam-

ples, centrifugation was performed at 1,700 RCF for 3 min and the supernatant was discarded

[13]. This step was repeated until the RBCs were completely lysed. Next, 950 μl of RBC lysis

buffer-II, 50 μl of 10% sodium dodecyl sulfate, and 20 mg/ml of proteinase kinase were added

and the resulting solution was incubated overnight at 50˚C until the cells were digested. There-

after, one volume of a solution containing phenol, chloroform, and isopropanol in the ratio

25:24:1 was added followed by centrifugation at 14,000 rpm for 5 min. DNA was then sepa-

rated and added to a solution containing 500 μl of 100% ethanol and 500 μl of 10 M ammo-

nium acetate, followed by centrifugation at 14,000 rpm for 15 min. The resulting supernatant

was discarded, and subsequently, 500 μl of 70% ethanol was added, followed by centrifugation

at 14,000 rpm for 5 min. Finally, the supernatant was discarded, while the DNA sediment was

air dried for 1 h, and subsequently diluted with 20 μl of distilled H2O and incubated at 37˚C

for 10 min. Then, the DNA quantity was measured using a NanoDrop 2000 device (Thermo

Fisher Scientific, Waltham, MA, USA).

COBRA

Alu methylation levels were measured using the ALU-COBRA method. In brief, DNA extrac-

tion was performed using the standard phenol chloroform extraction method. All the DNA

samples were treated with sodium bisulfite essentially following the manufacturer’s instruc-

tions (EZ DNA Methylation-Gold Kit; Zymo Research, Irvine, CA, USA). Then, to investigate

Alu methylation, the bisulfite-treated DNA samples were subjected to 45 cycles of PCR with

Alu-Forward (50-GGYGYGGTGGTTTAYG TTTGTAA-30) and Alu-Reverse (50-CTAACTT
TTTATATTTTTAATAAAAACRAAATTTCACC A-30) primer sequences to generate a product

that was 133 bp long [19]. After the PCR amplification process, the Alu amplicons (133 bp

long) were digested with TaqI in TaqI buffer (MBI Fermentas, Burlington, Canada); the

PLOS ONE Alu hypomethylation in naturally and surgically postmenopausal women

PLOS ONE | https://doi.org/10.1371/journal.pone.0273403 August 25, 2022 3 / 10

https://doi.org/10.1371/journal.pone.0273403


digestion reaction mixture was incubated at 65˚C for 16 h. Thereafter, the Alu element

digested products were electrophoresed on an 8% non-denaturing polyacrylamide gel and

stained with SYBR green nucleic acid gel (Gelstar, Lonza, Rockland, ME, USA). The band

intensity of COBRA Alu methylation was then measured using Azure™ Biosystems c300

(Azure Biosystems, Dublin, CA, USA), with distilled water as the negative control. All the

experiments were performed in duplicates, and DNA samples from HeLa, Jurkat, and Daudi

cell lines, from the same cell pool and passage, were used as positive controls in every experi-

ment to standardize inter-assay variations. Notably, the HeLa band in each gel band was mea-

sured, and thereafter, calculations were made to adjust the results corresponding to each gel.

The methylation levels are reported as the percentage of methylated CpG [20].

Statistical analysis

Statistical analysis was performed using STATA software version 15 (Stata Corp LLC., College

Station, TX, USA). Demographic data were presented as percentages and medians with inter-

quartile ranges, and the Kruskal–Wallis test followed by Dunn’s test were performed to com-

pare differences between the menopausal status groups. Further, the degree of the correlations

between Alu methylation levels and the associated covariates were assessed via Spearman’s

correlation analysis, and box and whisker plots were generated using GraphPad Prism version

9.0.0 for Windows (GraphPad Software, San Diego, CA, USA). Statistical significance was set

at P< 0.05.

Ethics statement

This cross-sectional, age-matched study was conducted in accordance with the Declaration of

Helsinki, and all the procedures involving human subjects were approved by the Institutional

Review Board of the Faculty of Medicine, Chulalongkorn University (Approval number 230/

61). All the study participants provided written informed consent.

Results

In total, 180 women were recruited in this study. The three groups included: premenopausal

women, naturally postmenopausal women, and surgically postmenopausal women. Further,

each group consisted of 60 age-matched participants, and the average age of all these partici-

pants, all of whom were non-smokers, was 50.7 ± 2.3 years. Table 1 provides details regarding

the demographic data corresponding to the participants in each group. A Kruskal–Wallis test

was performed to determine if the associated variables differed among the three groups. Thus,

we observed significant differences among the three groups with respect to BMI, time-since-

menopause, and Alu methylation level.

BMI, body mass index; IQR, interquartile range; Pre, pre-menopausal women; natural, nat-

urally postmenopausal women; surgical, surgically postmenopausal women.

Dunn’s post-hoc test was performed to determine whether menopausal status was associ-

ated with changes in BMI and Alu methylation levels. In this regard, we observed that BMI

was significantly different in the 1st group (pre-menopause vs. natural; P = 0.022) and the 3rd

group (natural vs. surgical; P = 0.010). Further, the Alu methylation levels were significantly

different in the 1st group (pre-menopause vs. natural; P = 0.001 and the 3rd group (natural vs.

surgical; P = 0.037) (Table 1 and Fig 1).

Additionally, Spearman’s correlation analysis showed no significant correlation between

the Alu methylation level and BMI (rs = -0037, P = 0.623), time-since-menopause (rs = 0.071,

P = 0.439), or Age (rs = -0.098, P = 0.192) (Figs 2–4).
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Discussion

The main characteristic of the aging process is genomic instability [1]. In a previous study, it

was demonstrated that Alu element methylation is inversely associated with DNA damage in

Table 1. Demographic data corresponding to the participants in each group and Post-hoc comparison.

Variables Total Overall

(n = 180)

Menopause status, Median (IQR) H P
value

Post-hoc comparison
Pre (n = 60) Natural

(n = 60)

Surgical

(n = 60)

1st group (Pre vs.

Natural)

2nd group (Pre vs.

Surgical)

3rd group (Natural

vs. Surgical)

BMI 180 24.4 (21.6–

27.6)

24.9 (22.5–

28.3)

23.2 (21.2–

24.9)

26.2 (21.8–

28.3)

8.988 0.011a 0.022a > 0.999 0.010a

Year since

menopause, year

120 3 (2–5) - 3 (1–4) 4 (2–6) 6.287 0.012a

Total Alu level (%) 180 58.9 (56.6–

61.6)

60.0 (58.1–

62.6)

57.6 (55.6–

60.0)

59.6 (55.5–

62.1)

12.633 0.002b 0.001b 0.308 0.037a

Smoking, n (%) 180 - -

• No 180 (100) 60 (100) 60 (100) 60 (100)

• Yes - - - -

aSignificance level at 0.05 (two-tailed)
bSignificance level at 0.01 (two-tailed)

https://doi.org/10.1371/journal.pone.0273403.t001

Fig 1. Variation in the total Alu level (%) with menopausal status. Dunn’s post-hoc test showing differences in the

total Alu level. Statistical significance was set at p< 0.05.

https://doi.org/10.1371/journal.pone.0273403.g001
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Fig 2. Correlation between the Alu methylation level and BMI among A) all participants, B) pre-menopause group, C)

natural menopause group, and D) surgical menopause group. Data were analyzed using Spearman’s correlation analysis.

https://doi.org/10.1371/journal.pone.0273403.g002

Fig 3. Correlation between the Alu methylation level and time-since-menopause among A) all participants, B) natural

menopause group, and C) surgical menopause group. Data were analyzed using Spearman’s correlation analysis.

https://doi.org/10.1371/journal.pone.0273403.g003
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white blood cells [12]. Thus, Alu element methylation may prevent the accumulation of DNA

damage and stabilize the genome [20]. However, Alu hypomethylation, which is an age-depen-

dent mechanism, is characterized by IRSs losing methylation at a certain age [21]. Therefore,

Alu hypomethylation is a marker that associated with the cell aging process [20].

In this study, we investigated Alu hypomethylation in postmenopausal women and

observed that the timing of menopause onset was associated with susceptibility to age-related

morbidity and mortality outcomes. After menopause, ovarian production of estrogen

decreases, and this diminished availability of estrogen at the cellular and molecular levels may

facilitate this aging process [7]. DNA methylation-based patterns have been studied as epige-

netic predictors of age or the "epigenetic clock", which is significantly correlated with age and

contributes to age-related diseases [22–26]. Specifically, Levine et al. (2016), using the epige-

netic clock, demonstrated that menopause may be an epigenetic age acceleration process, i.e.,

the age at which menopause occurs is associated with biological aging [27]. Our study also

demonstrated that Alu hypomethylation, which reportedly, is associated with aging, occurs in

naturally postmenopausal women. This may be attributed to the fact that when women reach

the age of natural menopause, the cell aging process progresses considerably as the genome of

the elderly is hypomethylated [20]. However, the aging process itself may be the cause of natu-

ral menopause in women.

The cut-off threshold for the Alu methylation level has been not yet established. The mean

Alu methylation level obtained in this study was higher than those reported in previous studies

involving postmenopausal women [13]. This higher level of Alu methylation observed in our

study group can be attributed to the fact that women with known conditions that could alter

the Alu methylation level were excluded, and all our participants, even those in the meno-

pausal groups, could be considered, as otherwise, healthy women.

Fig 4. Correlation between the Alu methylation level and age among A) all participants, B) pre-menopause group, C)

natural menopause group, and D) surgical menopause group. Data were analyzed using Spearman’s correlation analysis.

https://doi.org/10.1371/journal.pone.0273403.g004
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Ovarian removal before menopause is associated with overall mortality, cognitive decline,

loss of bone mass, and increased fracture risk [16]. Although a previous study showed that sur-

gical menopause is associated with an increased epigenetic age [27], our study showed that the

Alu methylation level in the surgical menopause group was higher than that in the naturally

postmenopausal group. The mechanism in this regard is still unclear, but this observation

could be explained by the short period of menopause given that in most of the women, the

postmenopausal period was less than 6 years, which is not a long-enough period to demon-

strate significant aging changes and the development of common NCDs as reported in a previ-

ous study on the effects of premenopausal bilateral ovarian removal [28]. However, our study

showed the existence of a trend of Alu hypomethylation in surgically postmenopausal women

compared with premenopausal women.

Although the percent differences in Alu levels were small, there were approximately 1 mil-

lion copies of Alu elements in the human genome and a 1% change in Alu methylation repre-

sented a 10,000 loci change in methylation. In a previous study, our research group observed

that an increase in Alu methylation by 5% can reduce DNA damage by 75% [12, 14]. There-

fore, the removal of both ovaries during hysterectomy solely for ovarian cancer prevention in

low-risk women should be cautiously considered as this may trigger the acceleration of the

aging process.

To the best of our knowledge, our study may be the first in which Alu methylation in age-

matched naturally postmenopausal and surgically postmenopausal women is investigated.

Further, our participants were in the early postmenopausal period, which offers the possibility

to delay the aging process based on the availability of appropriate interventions. The limita-

tions of the study include the fact that this was a cross-sectional study with convenience sam-

pling. Thus, the results may not be representative of the general population of postmenopausal

women. Even though we excluded women with conditions that affect Alu methylation levels,

we did not collect data on behavioral factors, including diet and physical activities, which may

also influence Alu methylation levels.

Conclusions

This study showed the occurrence of Alu hypomethylation in naturally early postmenopausal

women, which was not the case in surgically early postmenopausal women. Thus, natural

menopause may be part of the cell aging process. This notwithstanding, further studies are

necessary to determine whether bilateral oophorectomy before the age of menopause can affect

the cell aging process, and whether estrogen therapy or other interventions can delay this cell

aging.
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