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Abstract

Objective: This study aimed to analyze whether premature ovarian insufficiency (POI) is associated with accelerated biological aging, whether
the degree of biological aging is exacerbated by an earlier age at menopause, and whether menopausal hormone therapy (MHT) in the POI
population is associated with reduced biological aging.

Design: This is a cross-sectional study. A total of 229 779 participants aged 40 years and older in the UK Biobank (2006-2010) and NHANES (1999-
2018) were included in the study.

Methods: Menopause information was collected through questionnaires. Biological age acceleration was defined by the Klemera—Doubal
method, which is calculated through biomarkers, in reference to chronological age. Biological age acceleration >0 was defined as biological
aging. Association between POl and biological aging analyzed using multivariate linear regression and logistic regression models.

Results: The results showed that participants with POl had an increased risk of biological aging (UK Biobank: OR=1.50 [95% CI: 1.24-1.82];
NHANES: OR=1.20 [95% CI: 1.07-1.34]) and decrease in leukocyte telomere length compared with those without POI (UK Biobank: 0.0109
[95% CI: 0.0079-0.0109]). Participants with POl who underwent MHT had reduced risk of aging compared with those who did not (UK
Biobank: OR =0.63 [95% Cl: 0.43-0.92]; NHANES: OR=0.75 [95% CI: 0.61-0.92]).

Conclusion: This study showed that participants with POl had a significantly increased risk of biological aging compared with those without POI.
Participants with POl who received MHT had a reduced risk of aging compared with those who did not.
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Significance

This study conducted the first comprehensive evaluation of premature ovarian insufficiency (POI) and biological aging
across two large population-based cohorts (UK Biobank and NHANES). Biological aging was quantified using a multi-
system biomarker approach through the Klemera—Doubal method. The results revealed a significant association between
POI and biological aging, and the aging process increases as the age of menopause becomes earlier. Notably, menopausal
hormone therapy (MHT) may partially offset the adverse outcomes caused by POI. These findings elucidated the association
between POI and biological aging while emphasizing the clinical imperative of early MHT intervention to mitigate long-term
health adversities in affected populations.

Introduction quadruple between 2020 and 2050, making up 22% of the
world’s population.' Despite increasing chronological age
(CA), there is a growing interest in strategies to delay biologic-
al aging and prevent the onset and advancement of age-related

T J.Z. and M.F. contributed equally to this work and share first disorders. Biological aging %S a cqmplex physiolog.ical process
authorship. that gradually destroys the integrity and regenerative capacity

Population aging has emerged as a major global concern, with
the number of individuals 60 years of age or older predicted to
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of cells, tissues, and organs, leading to a progressive decline
in effective physiological function.? Biological aging can lead
to a dysfunction of important organ systems, leading to
age-related diseases, such as neurodegenerative disorders
and cardiovascular diseases, which can greatly affect an indi-
vidual’s quality of life.>

The average age of natural menopause in the general popu-
lation is 50-52 years, and menopause occurring before the age
of 40 years is called premature ovarian insufficiency (POI),
which is a phenomenon of reproductive aging.® Premature
menopause lowers estrogen levels, causing the body to lose es-
trogen’s protective function. This lack causes physiological
changes in organs and psychological and emotional disorders,
such as cardiovascular disease, osteoporosis, and neurocogni-
tive disorders.””

Aging is a state of low-grade inflammation, and estrogen as an
anti-inflammatory agent plays a role in the aging process.'*!!
The issue of whether patients with POI have accelerated aging
is important. But unfortunately, there has been only one study
that utilized telomere length to assess biological aging and found
that premature menopause was associated with a shortened telo-
mere length.'? Telomere length shortening is useful as a marker
of biological aging, but telomeres may not accurately reflect
aging of multiple systems and are hardly feasible for application
in large-scale epidemiological studies. Klemera and Doubal pro-
posed a new assessment metric that applies biomarkers from
multiple organs and systems to assess biological age (BA), such
as systolic blood pressure (SBP), albumin, alkaline phosphatase,
C-reactive protein, total cholesterol, the lymphocyte percentage,
mean sphered cell volume, red blood cell distribution width, and
so on."? This method is now widely used in epidemiologic stud-
ies related to aging, providing new opportunities for biological
aging research.®'> However, no other study has yet demon-
strated the association between POI and BA.

This study aimed to evaluate biological aging through two
large-scale observational studies, UK Biobank and National
Health and Nutrition Examination Survey (NHANES), and
to analyze whether POl is associated with accelerated biological
aging in female. We also analyzed whether the degree of bio-
logical aging is exacerbated by an earlier age at menopause
and whether menopausal hormone therapy (MHT) in the POI
population is associated with reduced biological aging.

Materials and methods

Study population and design

The study included participants from two national databases,
the UK Biobank (2006-2010) and the NHANES (1999-2018).
The UK Biobank was a prospective cohort study that enrolled
approximately 500 000 participants aged 40-70 years between
2006 and 2010. Participants were interviewed once during the
period 2006-2010. Participants’ data on demographics, life-
style, and medical history were collected through question-
naires, as well as by physical measurements and biological
sample collection. The UK Biobank research was approved by
the North West Multicenter Research Ethical Committee, and
all participants provided written informed consent. The present
study was performed under application number 92014. There
were 273 314 (54.4%) female participants aged over 40 years
in the UK Biobank. A total of 41 920 individuals with missing
menopausal status data and 64 707 individuals with missing
BA data were excluded. A total of 166 687 participants were in-
cluded in the final analysis (Figure 1).
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The NHANES was a nationwide epidemiological survey
study that was conducted in the United States and aimed to
assess the health and nutritional status of the US population.
The NHANES obtained a nationally representative sample
through stratified multistage sampling, and information on
demographics, socioeconomics, diet, and health, as well as
physical measurements and laboratory examinations, was col-
lected. The NHANES recorded 10 cross-sectional surveys
from 1999 to 2018, and this study included individuals who
participated in at least one of these surveys. The NHANES
was approved by the Research Ethics Review Board of the
National Center for Health Statistics, and all participants pro-
vided informed consent. There were 28 607 female partici-
pants aged over 20 years in the NHANES. A total of 16 792
participants aged <40 years with missing data on menopausal
status and BA were excluded (Figure 1).

This study is reported in accordance with the Strengthening
the Reporting of Observational Studies in Epidemiology
guidelines (Table S1).

Identification of POI

Premature ovarian insufficiency was determined by the partic-
ipants’ self-reported age of menopause. The participants of the
UK Biobank were asked “Have you had your menopause (pe-
riods stopped)?” and “How old were you when your periods
stopped?” In the NHANES, the menopausal status was as-
sessed by asking “What is the reason why you did not have
a period in the past 12 months?” and “Approximately how
old were you when you had the last menstrual period?”
Premature ovarian insufficiency was defined as menopause be-
fore the age of 40. Additionally, natural POI was defined as
menopause before the age of 40 without bilateral oophorec-
tomy, and surgical POI was defined as menopause before the
age of 40 with bilateral oophorectomy.”'®

Assessment of BA and biological age acceleration

Biological age is calculated using the Klemera-Doubal method.
This new method was proposed by Klemera and Doubal'? to
construct BA according to age-related biomarkers, based on
the assumption of the relationship between BA, CA, and bio-
markers. This assumption suggests that the biological charac-
teristics of the human body may be affected by the degree of
individual aging, and in people with the same CA, the difference
in BA reflects the difference in the degree of individual aging.
Based on previous research and the availability of data in the
UK Biobank and the NHANES,'*!* 12 biomarkers including
SBP, albumin, alkaline phosphatase, C-reactive protein, total
cholesterol, glycated hemoglobin, glucose, creatinine, urea,
the lymphocyte percentage, mean sphered cell volume, red
blood cell distribution width, and white blood cell count were
used as indicators for assessing BA (Table S2).

Biological age was calculated as a series of regressions of in-
dividual biological markers in the reference population on CA
as follows:

n ki CA
Do (Xi—qi) 5+ 5
BA = Si Sa

w (k)1
(1)
v Sha

The value of the biological marker x is an individual measure-
ment. k, g, and s are the intercept, slope, and root mean square
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UK Biobank 273,314 female aged >40 years in UK Biobank
( p
41,920 with missing
menopausal status
S
231,394 participants included - ~
14,430 with missing 64,707 with missing data
telomere length data for biological age
5 I

216,964 participants included in
study of premature menopause
and telomere length

!

166,687 participants included in
the study of premature
menopause and biological age

209,656(96.4%) without

prem: ature m enopause

7,908 (3.6%) with
premature ZIIGIIOPaLlSE

L

160,582(96.3%) without

pre mature menopause

6,105 (3.7%) with
premature menopause

NHANES

28,607 female aged >20 years in NHANES 1

16,792 female exclulded:

+ 9,619 aged <40 years
+ 1,409 with missing

menopausal status

11,815 participants included in the study

+ 5,764 missing data for
biological age

|

1,882 (15.9%) with premature menopause

Figure 1. Study flowchart.

error, respectively, of the regression of the biological marker i
on the actual age in the reference sample. SZ,isa scaling fac-
tor, which is the square root of the proportion of the variance
in actual age explained by the set of biological markers in the
sample. Computation of BA was conducted using the R pack-
age “BioAge”.'”

Biological age increases with CA. Therefore, BA alone can-
not be used to assess differences in aging between individuals
of different ages. To quantify the biological aging of partici-
pants and exclude the effect of actual age, age acceleration
(AA) was used to represent the difference between BA and
CA (AA=BA-CA), and AA >0 was defined as biological

aging.

Assessment of leukocyte telomere length

This study used the leukocyte telomere length (LTL) in the UK
Biobank population to further verify the relationship between
POI and biological aging (LTL data are not available in the
NHANES). The length of leukocyte telomeres reflects the de-
gree of cellular aging, and a shortened telomere length is consid-
ered a biological marker of aging.'*'® In the UK Biobank, DNA
was extracted from peripheral blood leukocytes. Research staff
conducted LTL measurements of the quantitative polymerase

|

9,933 (84.1%) without premature menopause

chain reaction method, which is the ratio of the telomere repeat
copy number (T) to the single-copy gene copy number (S). This
study used the technically adjusted LTL (ie, UK Biobank data
field 22191).

Covariates

Data on demographics (age, education, and race), socio-
economic status (income and Townsend Deprivation Index),
lifestyle factors (smoking, alcohol consumption, and physical
activity), and health status were collected through a question-
naire survey in the UK Biobank and NHANES. The smoking
status was categorized as never, former, and current smokers.
Alcohol consumption was classified as never, occasional (1-3
times/month or on special occasions), weekly (1-4 times/
week), and daily. Physical activity was self-reported and ex-
pressed as the metabolic equivalent (MET-minutes/week).
The health status is based on self-reporting and is categorized
as excellent, good, fair, or poor. Height and weight were meas-
ured during a physical examination, and the body mass index
was calculated as weight (kg) divided by height (m).”
Additionally, to evaluate the potential protective effect of
sex hormones on biological aging in female with POI, infor-
mation was collected regarding whether the participants
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were using MHT. On the basis of self-reporting, hospital re-
cords, and primary healthcare data, we obtained information
on relevant medical histories (ovarian dysfunction: E28.1,
E28.2, E28.3, E28.8, and E28.9; pituitary hypofunction:
E23.0, E23.1). Missing covariate values were imputed using
multiple imputation methods.

Statistical analysis

The frequency (%) of categorical variables and the mean +
standard deviation of continuous variables were used to de-
scribe the population characteristics. The x* test and #-test
were used to compare the statistical differences between the
POI group and the non-POI group. The #-test and analysis
of variance were used to examine the differences in AA in re-
lation to the presence of POI, natural menopause, surgical
menopause, age at menopause, and MHT use.

Multivariate linear regression (AA as a continuous variable)
and logistic regression models (AA as a categorical variable,
AA > 0 indicates biological aging) were used to analyze the re-
lationship between POI, causes of POI (surgical or natural),
and AA. Additionally, a comparison of the LTL of female
with or without POI and different causes of POI was further
verifying the association between POI and biological aging.
To examine whether the use of MHT can delay biological
aging, the effect of MHT use and duration on biological aging
in female with POI was analyzed. Additionally, the association
between age at menopause (categorized as <40 years, 40-49
years, 50-55 years, and >535 years) and AA was also analyzed.
Restricted cubic splines were used to examine the dose—
response relationship between the age at menopause and
AA. The multivariate models were adjusted for age, education,
ethnicity, income, the Townsend Deprivation Index (only in
the UK Biobank), smoking, alcohol, physical activity, health
status, and MHT.

Multiple sensitivity analyses were conducted to evaluate the
robustness of the research results. First, the study population
was limited to relatively healthy female and excluded those
with ovarian dysfunction, pituitary hypofunction, or a poor
self-reported health status. Furthermore, chained equation
multiple imputation is used to impute missing values of bio-
markers. Table S3 shows the missing information on the bio-
markers. Last, the analysis was repeated using an alternative
definition of AA, which regressed BA on CA and used the re-
siduals to measure biological aging.

Data were cleaned and statistically analyzed by using SAS
9.4 (SAS Institute, Cary, NC, USA) and R (version 4.3.2). A
2-sided P < 0.05 was considered statistically significant.

Results

Table 1 and Table S4 showed the basic characteristics of
the participants according to whether they had POI. The
mean CA and BA of the population in the UK Biobank were
56.2+ 8.1 and 50.2 + 8.1 years, and 6105 (3.7%) of the par-
ticipants had POL In the NHANES populations, the mean age
was 60.2 +12.8 years, and the mean BA was 57.0+13.7
years. A total of 1882 (15.9%) of the participants had POL.
SBP, alkaline phosphatase, C-reactive protein, glycated hemo-
globin, glucose, creatinine, urea, the lymphocyte percentage,
mean sphered cell volume, and the white blood cell count
were significantly higher in the POI than the non-POI popula-
tion in both the UK Biobank and NHANES (P < 0.05).
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In the UK Biobank and NHANES populations, the POI
group had a higher BA, with greater AA of 0.30 (95% CI:
0.24-0.36) years and 0.59 (95% CI: 0.95-0.22) years, respect-
ively, than the non-POI group (Figure 2). In the UK Biobank
population, surgical and natural POI increased AA by 0.39
(95% CI: 0.28-0.50) years and 0.25 (95% CI: 0.16-0.33) years,
respectively, compared with non-POI. In the NHANES popula-
tion, surgical and natural POl increased AA by 0.36 (95% CI:
—0.26-0.99) and 0.72 (95% CI: 0.24-1.20) years, respectively,
compared with non-POL In the POI population, the use of
MHT reduced AA by 0.27 (95% CI: 0.09-0.45) years and
1.77 (95% CI: 1.11 2.45) years, respectively, compared with
not using MHT (Figure S1).

Premature ovarian insufficiency was associated with a higher
AA when accelerated biological aging was analyzed as a con-
tinuous variable (UK Biobank: B =0.24 [95% CI: 0.18-0.30];
NHANES: B=0.74 [95% CI: 0.10-1.08]). When AA was di-
chotomized, participants with POI had an increased risk of bio-
logical aging (AA > 0) compared with those without POI (UK
Biobank: odds ratio [OR]=1.50 [95% CI: 1.24-1.82];
NHANES: OR=1.20 [95% CI: 1.07-1.34]). Natural and
surgical POI increased the risk of biological aging compared
with no POL Participants with POI who underwent MHT
had a 37% and 25% reduced risk of biological aging com-
pared with those who did not undergo MHT (UK Biobank:
OR=0.63 [95% CI: 0.43-0.92]; NHANES: OR=0.75
[95% CI: 0.61-0.92]), respectively (Figure 3).

Age acceleration in the group with a menopausal age of
40-49 years was 0.16 (95% CI: 0.13-0.20) and 0.33 (95%
CI: —0.13-0.79), respectively, compared with that in the group
with a menopausal age of 50-55 years. Additionally, AA in the
group with a menopausal age <40 years was increased, with
values of 0.42 (95% CI: 0.35-0.50) years and 1.02 (95% CL:
0.49-1.56) years in UK Biobank and NHANES populations, re-
spectively (Figure S1). The linear regression and logistic regres-
sion analyses showed that the risk of biological aging in the
groups with a menopausal age of 40-49 years and <40 years
was significantly increased compared with that in the group
with a menopausal age of 50-55 years in the UK Biobank popu-
lation. The ORs were 1.14 (95% CI: 1.02-1.28) and 1.45 (95%
CI: 1.18-1.78), respectively. In the NHANES population, the
group with a menopausal age of 40-49 years did not have a sig-
nificantly increased risk of biological aging, while the group
with a menopausal age <40 years had a 16% increased risk
of biological aging (OR=1.16 [95% CI: 1.00-1.33]). With
every S-year increase in menopausal age, the risk of biological
aging decreased by 11% and 2% (UK Biobank: OR=0.89
[95% CI: 0.85-0.93]; NHANES: OR=0.98 [95% CI:
0.95-1.00]), respectively (Figure 3; Table S5). The dose-re-
sponse relationship between menopausal age and AA showed
similar results (Figure S2).

The LTL decreased with increasing actual age (Figure 4).
The LTL in the POI group (0.8330 +0.1301) was smaller
than that in the non-POI group (0.8439 + 0.1325), and the
difference was significant (difference: 0.0109 [95% CI:
0079-0.0139]). Compared to the non-POI group, there was
no significant difference in the telomere length in participants
with surgical menopause, while natural menopause was asso-
ciated with a 0.0168 (95% CI: 0.0125-0.0210) reduction in
LTL (Figure 4).

Three sensitivity analyses were performed, all of which
showed that POI was associated with biological aging
(Table S6-S8).
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Figure 2. Differences in biological age acceleration and association with chronological age in the presence or absence of premature ovarian insufficiency
in the UK Biobank (A1 and A2) and NHANES (B1 and B2). The smoothed curves were generated with the ggplot 2 package in R version 4.1.3 using locally

weighted polynomial smoothing.

Discussion

To the best of our knowledge, this is the first study to compre-
hensively evaluate POI and biological aging in a large
population-based study. The main findings of this study are
as follows: (1) female with POI had an increased risk of bio-
logical aging compared with those without POI; (2) the degree
of biological aging increased as the age at menopause decreased;
and (3) the use of MHT in female with POI had a protective ef-
fect on biological aging. A strength of this study is the use of the
validated Klemera—Doubal method to calculate BA and assess
the degree of biological aging. We combined data from the
UK Biobank and NHANES, which are two large population-
based studies with an adequate sample size, and validated
the findings in two different populations. By comparing the
LTL, we further examined the association between POI and

biological aging at the genetic level. We also focused on the ef-
fect of MHT use on biological aging in female with POL.

Our results showed that the prevalence of POI differed be-
tween the UKB and NHANES populations. Many factors
may be responsible for the difference in the POI prevalence,
such as ethnicity, physical activity, dietary habits, and so on.
However, our results inferred the correlation between bio-
logical aging and POI in both databases, demonstrating the
stability of the findings.

Our study showed that POI was accompanied by biological
aging, which is consistent with the results of an epidemiologic-
al study, which showed that earlier menopause was associated
with shorter telomere length.'> Telomere length was recog-
nized as a biomarker of biological aging.'” Previous studies
have demonstrated links between telomere shortening and ele-
vated risks of cardiovascular aging and related diseases.”**!
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Figure 3. Forest plot of the associations between the menopausal status and biological age acceleration in the UK Biobank and NHANES. 3 (95% Cl) and
OR (95% CI) were derived from linear regression models, logistic regression models, respectively. The model was adjusted for age, ethnic, education,

income, TDI (only in UK biobank), smoking status, alcohol consumption, MET, BMI, and MHT.

Our study further revealed significantly shorter telomeres in
POI patients compared to non-POI controls. Furthermore, we
comprehensively considered factors, such as inflammation, im-
munity, and metabolism, from the perspective of BA, and found
that POI was related to biological aging. Studies have reported
that POl is associated with other age-related adverse health out-
comes, such as an increased risk of cardiovascular disease,
osteoporosis, cognitive impairment, and dementia.””*>%*3 A
study based on the Korean National Health System showed
that female with a history of premature menopause had an in-
creased risk of heart failure and atrial fibrillation by 33% and
9%, respectively.”* These studies provide some evidence to sup-
port our conclusions. Furthermore, we found that an earlier age
of menopause was associated with a higher risk of biological
aging, and similar associations were observed between meno-
pause age and other adverse health outcomes.'>*
Honigberg” and Schuermans'? found that a younger age at

menopause was associated with a higher risk of cardiovascular
disease. Another study showed that female who experience
menopause before 40 years of age have a higher risk of demen-
tia than those aged 46-50 years, while menopause after 55 of
age is associated with a lower risk of dementia.?’ These findings
suggested a time-dependent relationship between estrogen defi-
ciency and adverse health outcomes and may indirectly reflect
the relationship between menopause age and biological aging.

The early loss of estrogen is currently recognized as the main
cause of adverse outcomes of POI*® Maioli et al.*” found that
a decrease in estrogen receptors was directly related to brain
aging, and estrogen had a powerful neuroprotective effect in
mouse brain sections. The rapid decline in estrogen concentra-
tions in the circulation after menopause increases female’s vul-
nerability to adverse neurological events. Russell et al.’s*®
study suggested that during the normal brain aging process,
the decline in estrogen is associated with many changes in
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Figure 4. Differences in the leucocyte telomere length (A, B) and association with chronological age (C, D) according to premature ovarian insufficiency

and the cause of premature ovarian insufficiency in the UK Biobank.

the brain, including cognitive changes, effects on sleep, and
effects on emotions. These effects have been confirmed in
rodents and non-human preclinical models.>**° Jacobs
et al.’s*' study showed that the sudden loss of estrogen dur-
ing menopause was a risk factor for Alzheimer’s disease.
Additionally, basic research has shown that estrogen can
not only increase neuroplasticity and improve various as-
pects of cognition but can also protect neurons from cell
death. The above-mentioned animal experiments provide a
theoretical basis for the association between POI and bio-
logical aging.

Interestingly, we found that in female with POI, using MHT
significantly reduced the risk of biological aging compared
with not using MHT. A recent population-based study by
Liu and Li** found that MHT slows down biological aging,
which were consistent with the findings of our study. Similar
results were also found in studies of other disease outcomes,
where MHT improved the adverse effects caused by POI,
such as cardiovascular diseases and cognitive dysfunc-
tion.>13%3* These findings suggest that MHT is an effective
measure for female with POIL, which is consistent with previ-
ous treatment guidelines for POI. In all female with POI,
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hormone therapy is recommended before the expected cessa-
tion of ovarian function because this treatment has greater
benefits than risks for most female.>® Therefore, in female
with POL, hormone therapy may be greatly beneficial in delay-
ing the aging of such patients. However, MHT may be highly
heterogeneity (estrogens-only vs estrogens—progestogen com-
binations, oral treatment vs transdermal). Different hormonal
compounds and routes of administration have been demon-
strated to exert different effects on vascular and metabolic
health, which may influence aging.’®*” Future prospective
studies should be rigorously designed to elucidate the thera-
peutic effects of specific MHT regimens.

We specifically used the Klemera—-Doubal method, which
has been applied in several studies."®'® The selection and
quantification of aging biomarkers mainly depend on blood-
based aging biomarkers collected in observational studies,
which is the most active research area for validating aging bio-
markers. In addition, we measured the telomere length to cal-
culate aging. The telomere length shortens with each cell
division, and when a certain threshold is reached, it triggers
cellular senescence. Therefore, telomere attrition is considered
a major hallmark of aging.'*'®

Although our research design was relatively rigorous, there
are still some limitations. First, our study was cross-sectional
and only evaluated the status of POIL, BA, and LTL at baseline
and lacked a clear time sequence. This situation limited further
investigation of the causal relationship between POI and bio-
logical aging. In addition, POI was assessed according to the
self-reported age of menopause by the study participants,
which may have been subject to recall bias. Third, this study
only obtained LTL data in the UK Biobank, and we regretted
that this part of the results could not be validated in NHANES.
Although we used data from two large-scale studies to validate
our conclusions in different populations, the majority of the
participants were Caucasian, especially in the UK Biobank.
Therefore, further research is required to verify whether our
results can be generalized to other populations.

In summary, this study shows that biological aging may be
associated with POI, and the aging process increases as the age
of menopause becomes earlier. Additionally, our study im-
plied that MHT may partially offset the adverse outcomes
caused by POIL. Our research suggests that patients with POI
should be informed about the risks of aging and the potential
benefits of early MHT. Future studies are required to verify
these findings.
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