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Abstract

Background Early menarche is associated with lifelong health implications, including heightened risks for obesity,
type 2 diabetes (T2D), cardiovascular disease, and overall mortality. This study explored the associations that link early
menarche, major adiposity indices, and T2D in a group of multi-ethnic Asian women.

Methods A prospective, hospital-based study was conducted in Singapore. Two thousand seven hundred fif-

teen women were recruited from 2014 to 2016 (45-69 years old) and 1201 women were followed up from 2021

to 2023. At baseline, age at menarche (AAM) was divided into sub-categories: < 12 (early AAM), 12-13, 14-15 (refer-
ence),> 15 years. Major adiposity indices and glycemic profiles were assessed, including fat mass index (FMI), visceral
adipose tissue (VAT), and HOMA-IR (homeostatic model assessment for insulin resistance). At the 6.6-year follow-

up, T2D was assessed. One-way ANOVA and chi-square were performed for continuous and categorical variables,
respectively. Multivariable regression analysis was performed to determine the association between AAM and primary
outcomes, including adiposity measurements (FMI, VAT) and metabolic assessments (HOMA-IR) at baseline. Modified
Poisson regression was performed to assess relative risk (RR) between AAM and T2D at follow-up. Serial mediation
analysis was performed to determine potential mediators underlying the link between AAM and T2D. All analyses
accounted for major confounders including age, ethnicity, and education.

Results Women with early AAM had significantly greater values in adiposity assessments, including increments

in FMI (109 vs 10.3, p<0.001), VAT (134 vs 113 cm?, p=0.05) and HOMA-IR (1.20 vs 1.03, p=0.08) at baseline. Early AAM
(<12 vs. 14-15 years) was associated with a 60% increased risk of developing T2D (RR 1.60 (95%Cl: 1.04, 2.45)). Serial
mediation analysis suggested a significant pathway underlying early AAM and T2D, which was firstly mediated by FMI,
followed by VAT and lastly by HOMA-IR (p <0.05).
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Conclusions Our study provided valuable insight into the pathophysiology of T2D development amongst mid-life
women with early AAM. The findings could potentially indicate strategies to target FMI and VAT among Asian women
in the menopausal phase with early AAM, to prevent the development of T2D.

Keywords Body mass index, Fat mass index, Diabetes, Early menarche, Asian ethnicity

Background

Diabetes prevalence has risen to epidemic propor-
tions on a global scale. The World Health Organization
(WHO) reported that 246 million individuals had dia-
betes in 2007, with this statistic expected to increase to
380 million by 2025 [1]; 95% of individuals with diabetes
have type 2 diabetes mellitus (T2D) which is caused by
chronic hyperglycemia and insulin resistance, resulting
in increased risks for cardiovascular disease, renal failure,
blindness, lower limb amputations, and premature mor-
tality [2]. It is estimated that 286 billion dollars are spent
on annual healthcare costs for diabetes alone, which
places an additional burden on the world’s economy. Tra-
ditional risk factors for developing T2D include lifestyle,
e.g., obesity, and genetics, such as a family history of hav-
ing diabetes. Certain ethnicities, notably Asians, exhibit a
higher diabetes prevalence of T2D due to increased dep-
osition of visceral fat compared to Caucasians [3]. More-
over, emerging evidence underscores the role of early age
at menarche (AAM) as an additional risk factor for the
development of T2D, shedding light on how hormonal
and reproductive influences play a role on T2D risk [4].

Menarche refers to a woman’s first menstruation at
adolescence, occurring between 10 to 16 years of age,
with an average age of onset at approximately 13 years old
[5]. Early AAM has been reported to be associated with
health implications later on in a woman’s life, including
an increased risk for diabetes [6], metabolic syndrome
[7], hypertension [8], cardiovascular diseases [9], and
all-cause mortality [10]. A large meta-analysis of 28 stud-
ies demonstrated a negative linear relationship between
early AAM and T2D, with a 9% decrease (RR=0.91, 95%
CI 0.83-0.93) in T2D risk for every subsequent delay in
AAM year [4]. The majority of the cohort studies present
in the literature are predominantly from Caucasian par-
ticipants, such as from North American and European
populations. Asian ethnicities are under-studied and
have been under-represented in large cohort studies. In
addition, the underlying pathophysiology of early AAM
and T2D remains largely understudied.

Specific biological mechanisms and potential media-
tors remain elusive. Traditionally, body mass index
(BMI) was considered to be the underlying mechanism
governing T2D development. However, emerging evi-
dence has shown that visceral fat or visceral adipose

tissue (VAT), instead of BMI, could possibly be a more
plausible cause for T2D. Several recent studies have
shown that FMI (fat mass index), VAT, and HOMA-
IR (homeostatic model assessment for insulin resist-
ance) are individually associated with T2D; however,
the serial mediation between these factors and T2D
development has not been clearly established. Fur-
thermore, in middle-aged women, fat distribution and
muscle strength are affected by gradual estrogen with-
drawal due to the impending onset of menopause [11].
It is also noteworthy that BMI, while a convenient met-
ric used to report health risks, is unable to differentiate
between bone mass, muscle mass, and fat distribution
in the body. Therefore, we aim to increase the resolu-
tion and understand the interplay of features within
the generalized BMI metric, namely FMI, VAT, ALM
(appendicular lean mass), and HOMA-IR, underlying
the known link between AAM and T2D.

Prior to menopause, women typically have a lower
risk of cardiometabolic diseases, such as heart disease
and T2D, as compared to men [12]. This difference is
largely attributed to the protective effects of estrogen,
a hormone that plays a significant role in maintaining
cardio-metabolic health in women. Despite the fact that
postmenopausal women lose the advantages conferred
by estrogen protection, resulting in increased risks of
cardiometabolic diseases, there remains a paucity in
research focusing on mitigating the cardiometabolic
risk factors in mid-life women undergoing menopause.
Thus, elucidating such associations to determine poten-
tial remediable causes of cardiometabolic diseases
could potentially mitigate the adverse health conse-
quences driven by menopause.

In order to investigate the association between early
AAM and the development of T2D in more depth, with
plausible pathophysiological mechanisms, and also to
close the gap on the lack of evidence in Asian popula-
tions, we utilized a multi-ethnic Singaporean popula-
tion and studied the association between early AAM
and 6.6-year T2D development among mid-to-late aged
women, via a mediation analysis factoring in all poten-
tial anthropometric biometrics. We hypothesize that
AAM and 6.6-year T2D development could potentially
be mediated by a set of adiposity-related parameters
which affect metabolic regulation.
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N=2715 women were screened

N=2191 women met eligibility
criteria

Page 3 of 11

Y

N=1201 women met inclusion
criteria were recruited at baseline

n=746 declined participation
n=134 failed to attend appointment
n=110 non-contactable

Exclude 31 participants who did not

report AAM

A4

N=935 participants completed
assessment after 6.6-year follow-up

Fig. 1 Participant recruitment and longitudinal study follow-up

Methods

Study design and population

The Integrated Women’s Health Program (IWHP) is a
longitudinal study examining key health issues among
mid-life Singaporean women [13]. Healthy women aged
45-69 years old receiving routine gynecological follow-
up at women’s health clinics at the National University
Hospital were recruited from September 2014 to October
2016, and again followed up from February 2021 to July
2023. The protocol was approved by the Domain Specific
Review Board of the National Healthcare Group, Singa-
pore (reference number: 2014/00356 and 2020/00201)
and all participants provided written informed con-
sent. Two thousand seven hundred fifteen women were
screened and 2191 met the eligibility criteria. Exclusion
criteria included pregnancy or being severely ill. Women
with type 1 diabetes were also excluded from the study.
Subsequently, 746 participants, 134 participants, and 110
participants declined participation, failed to attend the
appointment, and were non-contactable, respectively,
leaving a final sample of 1201 women. Among these 1201
women, 1170 reported their AAM. The same group of
1170 women were contacted again after 6.6 years. Two
hundred thirty-five women were lost to follow-up, leav-
ing 935 women with follow-up information. One hun-
dred ninety-nine women were recorded to have T2D at
the 6.6-year follow-up (6.6 year follow-up refers to the 6

{ Lost to follow up at 6.6-year n=235

years and 7.2 months in between the baseline and follow-
up visit), as shown in Fig. 1.

Exposure measurement

AAM was collected within the clinical demographics
questionnaire [13] using the specific question “About
how old were you when you had your first menses?” and
women were subsequently divided into 4 categories: <12
years, 12-13 years, 14-15 years (reference), and>15
years old. The reference group of AAM was 1415 years,
in tandem with previous studies of menarche from China
[14], Japan [15], and the USA [16]. Following other land-
mark studies, early AAM was defined as<12 years old
[17, 18].

Outcome measurement

Participants were classified as having diabetes if they
had fasting blood glucose levels (overnight fast of 8—10
h) >7.00 mmol/L, were on anti-diabetic medications, or
self-reported physician-diagnosed diabetes via validated
questionnaires [13]. Participants were classified as pre-
diabetic if fasting glucose levels were between 5.60 and
6.90 mmol/L. The process of determining if a participant
had diabetes at baseline or at 6.6-year follow-up was the
same.
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Potential mediators assessments at baseline

Height and body weight were recorded using SECA 769
Electronic Measuring Station [13]. Waist and hip meas-
urements at both the baseline and 6.6-year follow-up
were recorded. They were measured twice using a stand-
ardized measuring tape, and the average was taken. If the
difference between the first and second waist/hip meas-
urement>1 cm, third and fourth measurements were
taken. Waist circumference was measured at the end of
expiration assuring the tape was level. Weighing was con-
ducted without shoes and participants were not explic-
itly requested to empty their bladders. Average values
were calculated. BMI was computed as the body weight
divided by height squared (kg/m?). Whole-body compo-
sition scans were performed and a fasting blood sample
was collected for participants on arrival. Appendicular
lean mass (ALM; kg/m?) was measured using DXA (Hol-
ogic Discovery Wi, Apex software 4.5) [13]. VAT (cm?)
and fat mass index (FMI; kg/m?) were identified by auto-
mated software algorithms from DXA [13].

Covariates

After the fasting blood draw, a series of questionnaires,
biophysical measurements, and physical function tests
were performed with the full visit lasting approximately
90 min. Blood pressure was measured thrice while in a
seated position using the OMRON Intellisense device
(HEM7211), with the average values calculated. Hyper-
tension was defined as systolic blood pressure>140
mmHg and/or diastolic blood pressure>90 mmHg or
use of anti-hypertensive drugs or self-reported physi-
cian-diagnosed hypertension via questionnaire. Clini-
cal demographics including age, ethnicity, education
level, age of menarche, menopausal status, smoking sta-
tus, and alcohol consumption were self-reported using a
validated questionnaire. Serum biomarkers (glucose and
insulin) were obtained from fasting blood samples and
measured using ELISA assay kits (DRG International,
Inc. USA), chemiluminescence immunoassays (ADVIA
Centaur Analyzer, Siemens Healthcare Diagnostics), and
colorimetrics (Beckman Coulter, Inc.,, USA). Homeo-
static model assessment for insulin resistance (HOMA-
IR) at baseline was obtained through the combination of
fasting insulin and glycemic profile following the follow-
ing formula: fasting insulin (microU/L) X fasting glucose
(nmol/L)/22.50 [19].

Statistical analysis

One-way ANOVA and Kruskal-Wallis test were used
to examine the relationship between AAM subgroups
and continuous variables. Chi-square and Fisher’s exact
test were used to test the significant differences between
groups in terms of categorical variables, depending on
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the numbers of cases in subgroups. Partial Spearman
Rank test was used for assessing the association between
AAM and inflammatory, hormonal biomarkers, and
anthropometric indices after adjusting for age at study
entry, ethnicity, and highest education level in our partic-
ipants. Skewed variables were subjected to a logarithmic
transformation.

Multivariable regression analyses were used for assess-
ing the association between AAM and the primary out-
come T2D development at 6.6 years, after adjusting for
age at study entry, ethnicity, highest education level,
ALM, and HOMA-IR at baseline. We also identified
potential mediators between AAM and T2D using multi-
ple regression analyses.

Secondary analysis

Mediation analysis with multi-categorical independ-
ent variable which was proposed by Hayes and Preacher
[20] was used to test the significance of the mediation
effect. This multi-categorical mediating model was estab-
lished using ordinal least squares regression to estimate
both the direct and indirect effects of AAM on T2D.
Subsequently, we conducted serial mediation analysis
to investigate the relationships between FMI, VAT and
HOMA-IR, based on evidence a priori, aiming to estab-
lish connections between AAM, FMI, VAT, HOMA-IR,
and T2D. While prior groups have shown direct associa-
tions between FMI and T2D, VAT and T2D, and HOMA-
IR and T2D [21-23], the mediating effects between these
variables remain unclear. Non-parametric bootstrapping
procedures were used to test the statistical significance of
indirect effects of the proposed mediating variables. The
significance of each relative indirect path was tested by
using the bootstrapping method (5000 samples). Point
estimates and confidence intervals for direct and indirect
effects were derived from the bootstrapped samples. Fol-
lowing the approach outlined by Hayes and Preacher, we
considered mediation to be supported if the 95% bias-
corrected confidence interval did not include zero. Ratios
of relative direct or indirect effect corresponding to rela-
tive total effect will not be reported as suggested by the
methods’ developer [20].

As the independent variable AAM was a categorical
variable with four levels, three dummy-coded variables
(D,, D, and D;) were created for the purpose of multi-
ple mediation analysis [20]. In this study, the group of
AAM=14-15 years was the reference category. D; rep-
resents comparisons between AAM<12 years with the
reference group; D, represents comparisons between
AAM=12-13 years with the reference group; D, repre-
sents comparisons between AAM > 15 years with the ref-
erence group. Relative direct and relative indirect effects
were reported. Adjustments were applied, including
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ethnicity, education, study entry age, systolic blood pres-
sure, and ALM when conducting the mediation analyses.

Additionally, we performed sensitivity analyses to
investigate whether factors such as menopausal status,
parity, breastfeeding history, history of hypertension, and
physical performance might influence the magnitude of
the mediating effects. Effect modification was also exam-
ined to identify potential modifiers in all observations
investigated mentioned above. All statistical analyses
were performed using R 4.2.2 version. PROCESS for R
Version 4.3 was used for mediation analyses and boot-
strapping procedures [24].

Modified poisson regression

We applied a modified Poisson regression model—an
approach which is better than Poisson regression with
no difficulty with converging, yet which provides similar
estimates in prospective data [25]—to examine the tem-
poral relationship between age at menarche, adiposity,
and metabolic features and T2D that occurred at the 6.6-
year follow-up. To test the robustness of the findings, we
performed sensitivity analyses by additionally adjusting
for the following variables, including ALM, sarcopenia,
hypertension, and heart conditions at baseline, as AAM
was previously reported to be associated with heart con-
ditions, hypertension, and sarcopenia in terms of comor-
bidity with T2D [26, 27].

Results

Participant characteristics

The final cohort included 935 women with complete
variables required for our analyses. The mean AAM was
13.10 years old, categorized into four AAM groups: <12
years (n=96), 12-13 vyears (n=»525), 14-15 years
(n=254), and > 15 years (n=60). The crude associations
between ethnicity, sociodemographic variables, repro-
ductive variables, anthropometric variables, and serum
biomarkers are shown in Table 1. No significant differ-
ences were observed among these subgroups in terms
of demographics, such as ethnicity, household income,
smoking status, alcohol use, or reproductive history.
However, there were significant variations between AAM
groups in mean age at entry (55.90 vs. 56.10 vs. 56.40 vs.
58.30; p<0.01) and highest education level (p<0.001).
Specifically, 26.00% of women in the AAM<12 years
group attained a university degree or higher, compared
to 22.90% in the AAM 12-13 years group, 19.30% in the
AAM 14-15 years group, and 15.00% in the AAM>15
years group.

Blood pressure measurements (systolic or diastolic)
and reproductive history when compared across the
four AAM categories did not show any significant differ-
ence. Of interest, body composition measurements were
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significantly different among AAM subgroups, such as
ALM, FMI, BMI, and VAT. Women with early AAM had
the highest BMI, VAT, FMI, and ALM, compared with
other groups.

In terms of serum biomarkers, fasting insulin and
HOMA-IR were statistically significant when comparing
across the four AAM categories at the 6.6-year follow-
up. At 6.6-year follow-up, women with AAM <12 years
had a mean insulin level of 7.20 mU/L and HOMA-IR
1.76, which were both higher compared to the reference
group, which had a mean insulin level of 6.60 mU/L and
HOMA-IR of 1.53 (p<0.05). In the analysis of comorbidi-
ties, early AAM was not associated with hypertension,
sarcopenia, or heart conditions at baseline in our cohort
(p=0.63, 0.89, and 0.22, respectively).

Regression analysis

We conducted multiple regression models to investigate
the associations between AAM and our primary out-
come, T2D. The results revealed that early AAM signifi-
cantly increased the risk of developing T2D (RR: 1.60,
95% CI: 1.04-2.45). These associations remained signifi-
cant after adjusting for factors such as ethnicity, educa-
tion, study entry age, and household income, as shown
in Table 2 (aRR: 1.61, 95% CI: 1.02-2.54). Furthermore,
individual mediation analysis showed that early AAM
was also significantly linked to higher VAT (B: 0.36, 95%
CI: 0.14-0.64), higher FMI (/5: 0.05, 95% CI: 0.004—0.24)
and higher HOMA-IR (f5: 0.57, 95% CI: 0.22—1.01) (Sup-
plementary Table 1 and Supplementary Fig. 1). Con-
sistent with findings from previous studies, both VAT
and FMI emerged as important predictors for T2D and
higher HOMA-IR levels. Consequently, we proceeded to
conduct a serial mediation analysis with VAT, FMI, and
HOMA-IR as potential mediators in the relationship
between AAM and T2D.

Serial mediation analysis observed that a statistically
significant path coefficient existed between early AAM
(<12 years vs. 14—15 years) and T2D through an indirect
effect from FMI to VAT to HOMA-IR (£=0.089 (0.01,
0.34)) as shown in Table 3, after a full adjustment of eth-
nicity, education, and study entry age. Figure 2 represents
the directed acyclic graph capturing the study exposure
(early menarche), outcome (T2D), mediators (FMI, VAT,
HOMA-IR), and confounders (age, ethnicity, education,
household income).

For the sensitivity analysis, we further adjusted for
ALM, sarcopenia, hypertension and heart conditions at
baseline, which did not significantly change the effect
size of observed associations, as shown in Supplementary
Table 2. We also examined the interaction between AAM
and menopausal state in relation to T2D, and no signifi-
cant interaction was found.
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Table 1 Comparisons of participants’ characteristics among women across different categories of age at menarche (n=935)

Participant characteristics Age at menarche p value
<12years 12-13 years 14-15 years >15 years
(n=96) (n=525) (n=254) (n=60)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
or median (IQR)* or median (IQR)* or median (IQR)* or median (IQR)*
or N (%) or N (%) or N (%) or N (%)
Characteristics at baseline visit
Study entry age, years 55.9 (6.20) 56.1(6.10) 56.4 (5.74) 58.3(6.30) 0.048
Ethnicity,
Chinese 73 (76.0%) 429 (81.7%) 196 (77.2%) 57 (95.0%) 0.05
Malay 6 (6.3%) 24 (4.6%) 21 (8.3%) 1(1.7%)
Indian 14 (14.6%) 54 (10.3%) 27 (10.6%) 2(3.3%)
Education,
University degree and above, Yes 25 (26.0%) 120 (22.9%) 49 (19.3%) 9 (15.0%) <0.001
Monthly household income,
>7000 29 (30.2%) 166 (31.6%) 70 (27.6%) 10 (16.7%) 0.19
Smoking
Current and past smokers, yes 3(3.1%) 11 (2.1%) 4 (1.6%) 2 (3.3%) 0.75
Alcohol
Current and past drinker, yes 1(1.0%) 17 (3.2%) 6 (2.4%) 4(6.7%) 0.12
Reproductive history at baseline visit
Ovary removal, yes 7 (7.3%) 52 (9.9%) 19 (7.5%) 9 (15.0%) 0.24
Breast cancer history, yes 7 (7.3%) 25 (4.8%) 14 (5.5%) 3 (5.0%) 0.80
Menses regularity at 25 years old,
Regular, yes 78 (81.3%) 442 (84.2%) 214 (84.3%) 45 (75.0%) 0.23
Regular cycle length, days 28.9 (7.02) 28.7 (6.40) 286 (5.46) 28.8(3.27) 0.73
Menopausal status
Pre-menopause 14 (14.6%) 68 (13.0%) 37 (14.6%) 7 (11.7%) 0.46
Peri-menopause 16 (16.7%) 86 (16.4%) 34 (13.4%) 4(6.7%)
Post-menopause 66 (68.8%) 371 (70.7%) 183 (72.0%) 49 (81.7%)
Parity,
0 20 (20.8%) 88 (16.8%) 27 (10.6%) 11(18.3%) 0.11
1 15 (15.6%) 71 (13.5%) 28 (11.0%) 6 (10.0%)
>2 60 (62.5%) 361 (68.8%) 193 (76.0%) 42 (70.0%)
Ever breastfeeding history, yes 52 (54.2%) 314 (59.8%) 161 (63.4%) 30 (50.0%) 0.16
Blood pressure and body composition measurements at baseline visit
Systolic blood pressure, mm Hg 124 (18.3) 125(17.0) 124 (17.5) 125 (15.3) 0.89
Diastolic blood pressure, mm Hg 75.7 (9.13) 76.9(9.91) 76.8(10.8) 74.0(9.72) 0.46
Appendicular lean mass, kg/m2 5.84 (0.944) 5.80(3.21) 592 (4.77) 5.34(0.693) <0.001
Fat mass index, kg/m? 10.9 (3.19) 10.2 (5.67) 10.3(8.31) 8.81(2.44) <0.001
BMI, kg/m? 259 (4.73) 24.3 (4.65) 23.6 (4.46) 22.8(3.70) <0.001
Visceral adipose tissue area, cm? 134 (59.7) 118 (55.1) 113 (48.3) 112 (52.0) 0.05
Waist-to-hip ratio 0.848 (0.069) 0.846 (0.062) 0.842 (0.067) 0.851 (0.062) 0.82
Serum biomarkers at baseline visit
Fasting serum glucose level*, mmol/L 4.90 (1.00) 4.90 (0.800) 4.90 (0.700) 5.00 (0.900) 0.65
Fasting serum insulin level* (mU/L) 540 (4.85) 5.20 (4.90) 485 (3.95) 4.70 (4.65) 0.07
HOMA-IR* 1.20 (1.48) 1.15(1.29) 1.03 (0.960) 1.07(1.23) 0.08
Comorbidity at baseline visit
Sarcopenia, yes 16 (16.7%) 93 (17.7%) 40 (15.7%) 9 (15.0%) 0.89
Hypertension, yes 57 (59.4%) 292 (55.6%) 144 (56.7%) 29 (48.3%) 0.63
Heart conditions, yes 1 (1.0%) 15 (2.9%) 13 (5.1%) 2 (3.3%) 022
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Table 1 (continued)
Participant characteristics Age at menarche p value
<12years 12-13 years 14-15 years >15 years
(n=96) (n=525) (n=254) (n=60)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
or median (IQR)* or median (IQR)* or median (IQR)* or median (IQR)*
or N (%) or N (%) or N (%) or N (%)
Serum biomarkers at 6.6-year follow-up
Fasting serum glucose level*, mmol/L 5.20 (1.00) 5.20(1.00) 5.20 (0.80) 5.10(0.50) 0.71
Fasting serum insulin level*, mU/L 7.20 (5.80) 7.00(5.30) 6.60 (4.93) 6.20 (4.80) 0.046
HOMA-IR* 1.76 (1.60) 1.59 (1.54) 1.53(1.30) 1.41(1.38) 0.043
T2D diagnosis at 6.6-year follow-up
Type 2 diabetes (T2D), yes 26 (27.1%) 120 (22.9%) 43 (16.9%) 10 (16.7%) 0.09

Abbreviations: BMI Body mass index, HOMA-IR Homeostatic model assessment of insulin resistance

" One-way ANOVA was used for testing the significance for normally distributed continuous variables. Kruskal-Wallis test was used for testing the significance for
skewed continuous variables. Chi-square was used for categorical variables. Fisher’s exact test was used for categorical variables if the number of subgroups is less

than5

Table 2 Association between age at menarche assessed at baseline visit and development of T2D diagnosed at follow-up using

modified Poisson regression between age at menarche and T2D

Outcomes Age at menarche  Relative risks RR (95% Cl)  Adjusted relative risksaRR (95% Cl)

Unadjusted Adjusted for study entry age, race/ethnicity,
education at study entry, and household income at
study entry

T2D development at 7-year follow-up < 12 years 1.60 (1.04, 2.45) 1.61(1.02,2.54)
12-13 years 1.35(0.99,1.85) 143 (1.02,2.00)
14-15 years Reference Reference
>15 years 0.98 (0.53,1.85) 141(0.74,2.67)

Abbreviations: T2D Type 2 diabetes, RR Relative risk, C/ Confidence interval

Table 3 Serial mediation analysis of FMI, VAT, HOMA-IR on association between age at menarche and T2D, after adjusting for maternal
age at study entry, race/ethnicity, maternal education at study entry, and house income at study entry

Outcomes Age at menarche Direct effect by Indirect effect
B (95% Cl) FMI VAT HOMA-IR
B (95% Cl)
T2D <12 years 0.2759 (—0.4955, 1.0472) 0.0893 (0.0131,0.3433)
12-13 years 0.2726 (—0.2605, 0.8057) 0.0491 (-0.0216,0.1615)
14-15 years Reference Reference
>15 years 0.2200 (—0.7801, 1.2200) —0.0343 (-0.1483,0.0425)

Abbreviations: T2D Type 2 diabetes, FMI Fat mass index, VAT Visceral adipose tissue, HOMA-IR Homeostatic model assessment of insulin resistance, C/ Confidence

interval

Discussion

In this study, we show for the first time that early AAM
(<12 years old) is associated with a 60% increased risk
of development of T2D during the menopausal phase,
compared with women with AAM at 14-15 years.
This temporal relationship was significantly mediated
firstly by the increment of overall fat mass, followed

by increased visceral fat volume and lastly by insulin
resistance.

Early menarche has been associated with higher BMI
through the consequences of greater leptin produc-
tion [28]. Leptin secreted by adipose tissue has been
shown to act directly on the hypothalamus and stimu-
late gonadotrophin-releasing hormone (GnRH), which
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VAT

FMI

HOMA-IR

Age at

T2D

menarche

Age at
baseline

Race/
ethnicity

Fig. 2 DAG showing the associations between AAM and T2D development

subsequently causes an increase in the secretion of lute-
inizing hormone (LH) and follicle-stimulating hormone
(FSH) from the pituitary gland as well as a surge in sex
hormone production by the ovaries (estrogen, progester-
one) [29]. These concerted changes within the hypothala-
mus—pituitary—ovary axis eventually result in a woman’s
first menstrual cycle, also termed menarche. Of interest,
early AAM has been reported to cause premature closure
of the epiphyseal plates, resulting in these women being
of shorter stature, which could account for higher BMI
tendencies [30].

BMI, a composite index of total body weight account-
ing for height, is a widely used surrogate for body adipos-
ity in public health practice [31, 32]. Obesity has typically
been diagnosed using BMI>25 kg/m? for overweight
individuals and BMI>30 kg/m® for obese individu-
als. For Asian ethnicities, a modified BMI of > 23 would
categorize individuals as overweight and BMI>27.50
as obese, as this took into consideration the differences
in body build and muscularity between Caucasians and
Asians [33]. However, BMI alone has been subsequently
noted to be an unspecific metric which is unable to dis-
cern between fat, muscle, or bone mass [34]. Additional
indices such as waist circumference (WC), waist-hip
ratio (WHR), lipid accumulation product index (LAP)

Household
income

Education

and relative fat mass (RFM) were subsequently used to
more accurately report the fat distribution in the body
[35]. A global review of T2D risk showed that in almost
all regions and ethnicities, a larger WC was strongly and
linearly associated with T2D risk [36]. However, the exact
biological mechanisms linking anthropometric measures
to T2D development remained elusive.

We show for the first time that early AAM predisposes
women to higher insulin resistance, a quantitative marker
for T2D, via higher FMI, and then higher VAT accumu-
lation. While other groups have shown individual links
between fat mass and T2D, HOMA-IR and T2D as well
as BMI and T2D [37, 38], this study aims to unravel the
potential sequential events of T2D development, through
a serial mediation analysis. For example, analysis from
the BioCycle Study reported that early AAM was asso-
ciated with unfavorable metabolic phenotypes as com-
pared with the average age of onset of menarche, with the
concurrent observation of reduced insulin sensitivity and
B-cell function [37]. In addition, it was shown that body
composition and BMI were complex metrics, containing
several variables, which could not specifically account
for fat composition in certain individuals, for example,
those with normal BMI [38]. In addition, insulin resist-
ance, measured through HOMA-IR, has been reported
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to be associated with increasing BMI [39]. However,
normal-weight individuals have been known to be insu-
lin resistant, suggesting that BMI is not the sole deter-
minant of insulin resistance. Therefore, it is increasingly
more likely that there exists another intermediary factor
linking BMI to insulin resistance. Recently, insulin resist-
ance has been associated with ectopic fat deposition,
especially in the liver and muscle, with a tendency toward
the development of a vicious cycle driven by overnutri-
tion and improper dietary choices [40]. In metabolic syn-
dromes, greater associations between insulin resistance
and central adiposity were conferred [41]. Therefore, our
model tracing the path connecting early AAM to FMI,
VAT and HOMA-IR provides new knowledge in the col-
lective understanding of the biological mechanisms gov-
erning metabolic disorders, such as T2D. In addition, the
majority of the studies linking AAM to T2D have been
performed in Caucasian populations. In Asian popula-
tions, where VAT and T2D incidence are high, the find-
ings of our study are especially relevant. Furthermore,
this study provides new insight into a woman’s unique
mid-life stage, coinciding with the menopausal transi-
tion which involves a cascade of hormonal and physi-
ological changes, marking a shift from the reproductive
years to menopause (post-reproductive years). Extreme
hormonal shifts at mid-life have been associated with an
increase in fat mass, an increase in waist circumference
and a decrease in skeletal mass [42]. The menopausal
transition has also been associated with increased car-
diovascular risk due to hormonal changes and fat redis-
tribution, independent of aging [11]. While midlife has
been reported as a vulnerable timeframe, recent studies
have shown that it is also highly dynamic and amenable
to meaningful change [43]. Therefore, midlife is a criti-
cal window as a target of interventions, as several limi-
tations commence at midlife, such as reduced estrogen
and behavioral changes (changes in diet, exercise and
sleep patterns due to age), with visible health trajectories
which persist into late adulthood [44].

As compared with blood-based biomarkers which tend
to fluctuate and change frequently, VAT is relatively sta-
ble and has the potential to be a robust biomarker for
metabolic aberrations, including insulin resistance [45].
Health screening during mid-life, including FMI, VAT,
and HOMA-IR assessment could provide early indica-
tors and a potential window phase for intervention to
mitigate T2D development. Though one cannot control
the age at menarche, the results of this study suggest that
women with early menarche could benefit from main-
taining a healthy lifestyle through balanced nutrition and
moderate exercise to reduce fat mass. As fat tissues build
up over time, early interventions to reduce VAT could
mitigate the predisposition to insulin resistance and
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potentially diabetes development later in life. This inter-
vention and emphasis on healthy nutrition and lifestyle
before a girl reaches menarche, with continuous con-
trol against the accumulation of visceral fat into midlife,
would ensure optimal cardiometabolic health during her
reproductive, midlife, and possibly even into her post-
menopausal years.

Strengths and limitations

A major strength of this study is that it is the first to pro-
vide direct evidence of the interactions between age at
menarche, adiposity features, insulin resistance, and dia-
betes development within a multi-ethnic Asian cohort.
Selection bias was minimal in this study, as the IWHP
recruited all mid-life consenting multi-ethnic Asian
female participants from Singapore who presented to the
National University Hospital for routine gynecological
care, thus maximizing the generalizability of our findings,
taking into account the sample size, sampling procedures,
and participation rate.

This is a prospective hospital-based study. As with all
human participant research studies, there is a limita-
tion of patient recall, although it has been reported that
women will tend to remember their age at menarche as
it marks a significant life event [46—48]. Future longitu-
dinal validation studies recruiting patients at their age
at menarche and continuing into adulthood are clearly
warranted [49]. As our cohort focused on a multi-eth-
nic Asian population, future studies should also include
other ethnicities and populations to be able to extrapo-
late these findings on a global scale. Residual confound-
ing due to unmeasured variables such as diet during
pregnancy, intrauterine life and genetic factors represent
other limitations. However, despite certain limitations,
this is the first longitudinal study that provides compel-
ling evidence that early menarche is a marker of excess
body fat accumulation, which can cause metabolic com-
plications later in a woman’s life.

Conclusions

This study offers a distinct contribution to the field, as it
is one of the rare works in a multi-ethnic Asian popula-
tion that has revealed a link between early menarche
and developing diabetes later in a woman’s life, through
increased fat mass, visceral adipose tissue deposition,
and insulin resistance. Studies such as these could equip
healthcare providers on the long-term effects of early
menarche as well as modifiable risk factors which could
potentially improve a woman’s health trajectory, with the
emphasis to begin healthy nutrition from childhood as
well as optimal control of visceral fat accumulation dur-
ing midlife.
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