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Abstract

Background Genetic factors and an unfavorable intrauterine environment may contribute to the development
of metabolic disorders in offspring later in life. The present study aims to investigate and compare the risks of pre-
diabetes mellitus (pre-DM), type 2 diabetes mellitus (T2DM) and abnormal glucose tolerance in female and male
offspring with early maternal menopausal age versus those with normal maternal menopausal age, later in life.

Methods In this prospective population-based study, there were 1,516 females and 1,563 males with normal
maternal menopausal age, as well as 213 females and 237 males with early maternal menopausal age. Unadjusted
and adjusted cox regression models were used to assess the hazard ratios (HRs) and 95% confidence intervals (Cls)
for the association between early maternal menopausal age with pre-DM, T2DM and abnormal glucose tolerance
in offspring. Statistical analysis was performed using the STATA software package; the significance level was set at
P<0.05.

Results The present study revealed a higher risk of pre-DM in female offspring with early maternal menopausal

age compared to females with normal maternal menopausal age (unadjusted HR (95% Cl): 1.42 (0.98, 2.05); P=0.06
(marginal significant) and adjusted HR (95% Cl): 1.47 (1.00, 2.16); P=0.04). Additionally, a higher risk of abnormal
glucose tolerance among female offspring with early maternal menopausal age in adjusted model was observed
(HR (95% Cl): 1.13 (0.99-1.29); P=0.06, marginal significant). However, no significant differences were observed in the
risks of developing pre-DM and abnormal glucose tolerance in male offspring with early maternal menopausal age
compared to males with normal maternal menopausal age in both unadjusted and adjusted models. No significant
difference was observed in the risk of T2DM in the offspring with early maternal menopausal age compared to
offspring with normal maternal menopausal age.
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Clinical trial number Not applicable.

Conclusions This pioneering study, characterized by a long-term follow-up, demonstrated that early maternal
menopausal age is associated with an increased risk of developing pre-DM in female offspring later in life. It may be
advisable to implement screening for pre-DM and glucose metabolism disorders in these female offspring.

Keywords Early menopause, Genetic factors, Intrauterine life, Pre-diabetes (Pre-DM), Type 2 diabetes (T2DM),
\Abnormal glucose tolerance, Offspring, Tehran lipid and glucose study (TLGS)

Background

Menopause is defined as the cessation of the menstrual
cycle for >12 months from the last menstruation, result-
ing from the loss of ovarian follicular activity. When
menstruation ceases before the age of 45 years, it is
defined as early menopause. Ovulation disorders lead to
early depletion of the ovarian follicles and diminished
ovarian reserve, resulting in early age at menopause [1].
Genome-wide association studies indicate a strong link
between age at menopause and genetic factors, and heri-
tability for menopausal age is estimated to be between 44
and 66% in mother-daughter pairs.

Cardiometabolic disorders, which are among the
leading causes of global mortality and morbidity, have
steadily increased over the past several decades. Family
history and genetic factors are recognized as significant
predictors of cardiometabolic disorders [2, 3]. A positive
familial co-aggregation of cardiometabolic disorders par-
ticularly in type 2 diabetes mellitus (T2DM), metabolic
syndrome (MetS), and obesity has been documented in
the literature [3]. Studies indicate that individuals with
a family history of these conditions may experience an
increased risk due to shared genetic predispositions and
environmental factors. Moreover, it has been shown that
women with diminished ovarian reserve and early onset
of menopause are at a higher risk of cardiometabolic dis-
orders, including coronary heart disease (CHD), insulin
resistance (IR), pre-diabetes mellitus (pre-DM), T2DM,
obesity, hypertension, dyslipidemia, and MetS [4—12].

PI3K/Akt, the mammalian target of rapamycin (mTOR)
and mitogen-activated protein kinases (MAPKs) signal-
ing pathways and related genes involved in the glucose
and lipid metabolism and their imbalances lead to the
development of metabolic disorders such as impaired
insulin secretion, IR, T2DM and obesity [13-17]. Fur-
thermore, these molecules and signaling pathways
involved in the increased primordial follicular activation
in the ovaries leading to depletion of ovarian reserve and
early age at menopause.

The fetal programming concept suggests that mater-
nal nutritional imbalance and metabolic disturbances
may have a persistent and intergenerational effect on the
health of offspring and on the risk of diseases such as
obesity, diabetes, and cardiovascular diseases (CVDs) in
offspring in their later life [18].

Growing evidence suggests that numerous health prob-
lems are affected by gender. Previous researches, have
shown gender-related variations in glucose homeostasis,
insulin signaling, body fat distribution, and lipid metabo-
lism [19-21]. These sex differences may be influenced
by genetic background, gene expression from the X and
Y chromosomes, environmental factors, sex steroid hor-
mones, and the gut microbiome [19, 22, 23].

Most existing studies have focused on the cardiometa-
bolic disorders in women with early menopausal age [4,
5,7, 8, 10, 24] and based on our knowledge there is no
data available on the risk of cardiometabolic disorders in
offspring of women with early menopausal age, later in
life.

Considering to the role of genetic factors and common
pathways between metabolic disorders and early meno-
pausal age, as well as the effects of adverse intrauterine
environment on the metabolic disorders in later life, in
this long-term population-based study with well-defined
controls, we aimed to investigate and compare the risks
of pre-DM, T2DM and abnormal glucose tolerance in
female and male offspring with early maternal meno-
pausal age versus those with normal maternal meno-
pausal age, later in life.

Methods

Study design

The Tehran Lipid and Glucose Study (TLGS) is a long-
term, ongoing research project that began in 1998. It
aims to investigate the prevalence of risk factors for non-
communicable diseases among 15,005 participants, both
males and females, aged 3 years and older. The study
involves follow-ups every 3 years (seven phases includ-
ing 6 follow-ups in addition to baseline). The follow-up
process involved a general physical examination, demo-
graphic, anthropometric, and metabolic evaluations, and
also blood sampling. The details of the TLGS have been
previously published [25].

Study population

For the purposes of the present study, we included both
female and male offspring from the TLGS, whose moth-
ers’ age at menopause had been recorded. Addition-
ally, these offspring were required to have at least one
follow-up visit, to be over 20 years of age, and to be free



Noroozzadeh et al. Reproductive Biology and Endocrinology

of pre-DM, and T2DM at baseline (at the initiation of
the study). Furthermore, offspring were excluded if they
were taking medications that could potentially influence
their cardiometabolic parameters (such as blood sugar-
lowering, blood lipid-lowering, antihypertensive medi-
cations, or medications for weight loss/gain). As a result,
a total of 3,529 offspring, comprising 1,729 females and
1,800 males, met the eligibility criteria for inclusion in
the present study. The offspring were categorized into 4
groups based on their mothers’ menopausal age and their
sex: Female offspring with normal maternal menopausal
age (n=1,516) and female offspring with early maternal
menopausal age (n=213), male offspring with normal
maternal menopausal age (n=1,563) and male offspring
with early maternal menopausal age (n=237). The study
flowchart is illustrated in Fig. 1.

All female and male offspring were followed-up from
baseline to the date of occurrence of the events, censor-
ing, or end of the study period, whichever occurred first.

Measurements

During face-to-face interviews, a standard questionnaire
was completed to collect demographic data and fam-
ily medical history for all offspring (females and males)
[25]. Additionally, a questionnaire was used to evaluate
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reproductive variables, focusing on menstrual cycle regu-
larity, gynecological history, menopausal age, and family
history of irregular menstrual cycles [26]. These inter-
views were conducted by trained midwives under the
guidance of a gynecologist.

Offspring were asked about their level of physical activ-
ity in the past 12 months using the modifiable activ-
ity questionnaire. Physical activity status was defined as
active for those with three or more days of severe-inten-
sity activity of at least 20 min, or =5 days of moderate-
intensity activity or walking at least 30 min, or =5 days of
any combination of walking, moderate or severe-intensity
activities, reaching at least 600 metabolic equivalent task
minutes per week and less active for those not reaching
to this threshold. The educational levels were divided into
two categories: those with less than 12 years of formal
education and those with 12 years or more of education.

The data collection process involved measuring several
clinical parameters, including body mass index (BMI),
fasting blood sugar (FBS), high-density lipoprotein cho-
lesterol (HDL-C), triglycerides (TG), and total cholesterol
(TC), and all measurements were conducted according to
the standard protocol of the TLGS. Weight and height
were measured, in the standing position with calibrated
equipments; BMI was calculated as weight in kilograms

Excluded offspring:

« Not participate in the study (at the
initiation of the study and upper
phases) (n = 286)

« Age < 20 at the initiation of the

Total menopausal women and not reach menopause women until age 45
years in TLGS study n = 1,530

Total offspring (females and males) with defied maternal menopausal age

n=6393

study (n=1,073)
« T2DM at the initiation of the study |

(n=49)
* Pre-DM at the initiation of the study

(n=327) |
« Not enough follow-ups of pre-DM

Eligible offspring for the present study n = 3,529 |

and T2DM (n = 1,082)

« Offspring were taking medications l
that could potentially influence their
cardiometabolic parameters (n = 47)

Female offspring
n=1,729 (49%)

—

l

Male offspring
n=1,800 (51%)

—

Female offspring with early
maternal menopausal age
n=213(12.3%)

Female offspring with normal maternal
menopausal age
n=1516(87.7%)

Male offspring with early
maternal menopausal age

Male offspring with normal

maternal menopausal age
n=237(13.2%)

n=1.563 (86.8%)

s

[N,

T2DM Pre-DM Healthy T2DM Pre-DM Healthy T2DM Pre-DM Healthy T2DM Pre-DM Healthy
n=204 n=239 n=1,073 n=28 n=43 n=142 n=283 n =388 n=_892 n=48 n=63 n=126
(%13) (16%) (71%) (%13) (20%) (67%) (%18) (25%) (%57) (20%) (26%) (53%)
Total
l v l

T2DM Pre-DM Healthy

n=>563 n=734 n=2232

(%16) (21%) (63%)

Fig. 1

Flowchart of study. TLGS Tehran lipid and glucose study, T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus
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divided by height in meters squared (kg/m?). Blood
samples were then collected from each offspring after
an overnight fast. The samples were centrifuged, and the
sera were separated and stored at -80 °C for future analy-
sis. FBS was measured using the glucose oxidase method,
HDL-C was measured after precipitating apolipopro-
tein B (APO B)-containing lipoproteins with phospho-
tungstic acid, TG and TC were measured using glycerol
phosphate oxidase. The intra- and inter-assay coefficient
variations (CVs) for FBS, HDL-C, TG and TC were all
below 3%. The analyses were conducted using kits from
Pars Azmon Inc. (Tehran, Iran) and a Selectra analyzer
(Vital Scientific, Spankeren, Netherlands).

Definition of terms

In this study, the exposure of interest is the maternal
menopausal age, while the outcome of interest is the risks
of pre-DM, T2DM and abnormal glucose tolerance in
offspring. Normal menopause is defined as the cessation
of menstruation occurring at the age of 45 years or older,
whereas early menopause is defined as occurring prior to
the age of 45 years.

T2DM was defined according to the American Diabetes
Association criteria as fasting plasma glucose>126 mg/
dl, or 2-h plasma glucose>200 mg/dl, or using medica-
tions for a previous diagnosis of T2DM. Pre-DM referred
to those with impaired fasting glucose where the fasting
plasma glucose levels were 100—125 mg/dl; or impaired
glucose tolerance where the 2-h plasma glucose values
in the oral glucose tolerance test (OGTT) were 140—
199 mg/dl. Abnormal glucose tolerance was defined as
impaired fasting glucose where the fasting plasma glu-
cose levels were 100 mg/dl or more or the use of antidia-
betic medications.

Statistical analysis

Baseline demographic and clinical characteristics of
female and male offspring are described and com-
pared based on T2DM status at follow-ups. Normality
of continuous variables are checked by the one-sample
Kolmogorov—Smirnov test. Variables with normal dis-
tribution are presented as mean (standard deviation),
and compared using the student ¢ test, while those with
skewed distribution are presented as median and inter-
quartile range (IQR 25-75) and compared with Mann-
Whitney test. Categorical variables are presented as
numbers (n) and percentages (%) and compared by x> test
or Fisher exact test.

Cox proportional hazard regression model is used to
assess the hazard ratios (HRs) and 95% confidence inter-
vals (CIs) for the association of maternal menopausal
age with pre-DM, T2DM, and abnormal glucose toler-
ance in offspring. The enter date of the first phase that
offspring became over 20 years old supposed as index

(2025) 23:76

Page 4 of 13

phase (initiation of the study). Survival time calculated
as time difference between the initiation of the study
and date of the occurrence of the event or last follow-up
date for those didn’t experience event until the end of the
study (censored cases). Both unadjusted and adjusted
Cox regression models were applied for the association
between maternal menopausal age and the risks of pre-
DM, T2DM and abnormal glucose tolerance in offspring.
Potential confounding factors including sex, age, BMI,
physical activity, smoking status, educational level, fam-
ily history of T2DM, pre-DM, HDL-C, TC and TG were
entered in adjusted models. Cumulative hazard plot is
used to evaluate the difference between hazards of expo-
sure groups in total offspring (females and males) and in
separate groups of sex visually.

Additionally, cubic spline regression model was used to
explore the shape of the relationship between maternal
menopausal age and the log-relative hazard of pre-DM,
T2DM, and abnormal glucose tolerance in offspring.

Statistical analysis was performed using the software
package STATA (version 12; STATA Inc., College Station,
TX, USA) and SPSS version 26. P-values less than 0.05
were considered statistically significant.

Results

In this study involving 3,529 eligible offspring, it was
found that 734 individuals (21%) were diagnosed with
pre-DM, while 563 individuals (16%) were diagnosed
with T2DM during the follow-up period (Fig. 1). The
median (IQR) of follow-up time for pre-DM and T2DM
were 11.92 (8.26-15.80) and 18.10 (14.09-20.21) years,
respectively.

The characteristics of mothers at baseline phase based
on their menopausal age, as well as the characteristics
of offspring at the initiation of the study, categorized by
maternal menopausal age, are detailed in Tables 1 and 2.

The median (IQR) age for offspring with normal and
early maternal menopausal age was 22 (21-26) and 22
(21-26) years, respectively (P=0.50). The median (IQR)
BMI for offspring with normal and early maternal meno-
pausal age was 23.51 (20.79-26.66) and 23.08 (20.53—
26.88) respectively (P=0.48). There are no statistically
significant differences between two groups of offspring
with normal and early maternal menopausal age in vari-
ous baseline characteristics, as shown in Table 2.

Baseline characteristics of offspring according to their
last status in terms of glucose intolerance (healthy, pre-
DM and T2DM) are presented in Table 3. It has been
shown that offspring that experienced T2DM were older
and had higher BMI than those in pre-DM and healthy
groups. Also the distribution of sex, physical activ-
ity, family history of T2DM, and lipid profile were sig-
nificantly different between offspring in three groups
(P<0.05) (Table 3).
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Variables Menopausal age -
Total Normal Early P
n=1,530 n (%)=1,340 (87.6) n (%)=190 (12.4)
Age, years, median (IQR) 47 (39-54) 47 (39-54) 47 (40-55) 0.5
BMI, kg/m?, median (IQR) 28,62 (25.72-31.62) 2861 (25.71-31.55) 28.88 (25.87-32.84) 0.2
Physical activity, n (%) Low 1069 (69.9) 937 (69.9) 132 (69.5) 0.8
High 461 (30.1) 403 (30.1) 58(30.5)
Smoking status, n (%) Never 1456 (95.2) 1276 (95.2) 180 (94.7) 0.7
Ever 74 (4.8) 64 (4.8) 10(5.3)
Educational level, n (%) < Diploma 1468 (95.9) 1283 (95.7) 185 (97.4) 0.2
> Diploma 62 (4.1) 57 (4.3) 5(2.6)
Family history of T2DM, n (%) No 1074 (70.2) 948 (70.7) 126 (66.3) 0.2
Yes 456 (29.8) 392(293) 64 (33.7)
Pre-DM, n (%) No 1184 (77.4) 1040 (77.6) 144 (75.8) 0.5
Yes 346 (22.6) 300 (22.4) 46 (24.2)
HDL-C, mg/dl, median (IQR) 42 (35-53) 42 (35-53) 42 (35-49) 0.1
TC, mg/dl, median (IQR) 219 (188-250) 219 (187-250) 225 (193-256) 0.1
TG, mg/dl, median (IQR) 157 (112-222) 156 (109-217) 169 (121-240) 0.2

Values are presented as median (IQR, interquartile range), or number (n) (percentage) as appropriate

BMI body mass index, T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus, HDL-C high density lipoprotein cholesterol, TC total cholesterol, TG triglyceride

Total: Mothers with normal age at menopause and early age at menopause

Normal: Mothers with normal age at menopause

Early: Mothers with early age at menopause

Table 2 Characteristics of offspring at the initiation of the study based on maternal menopausal age

Variables Maternal menopausal age
Total Normal Early P
n=3,529 n (%)=3,079 (87.24) n (%) =450 (12.75)

Age, years, median (IQR) 22 (21-26) 22 (21-26) 22 (21-26) 0.50

BMI, kg/m?, median (IQR) 2345 (20.75-26.70) 23.51(20.79-26.66) 23.08 (20.53-26.88) 048

Sex, n (%) Female 1729 (49) 1516 (49.2) 213 (47.3) 045
Male 1800 (51) 1563 (50.8) 237 (52.7)

*Menarche age, years, median (IQR) 13(12-14) 13(12-14) 13(12-14) 043

Physical activity, n (%) Low 2142 (60.7) 1859 (60.4) 283 (62.9) 0.30
High 1387 (39.3) 1220 (39.6) 167 (37.1)

Smoking status, n (%) Never 2979 (84.4) 2603 (84.5) 376 (83.6) 0.59
Ever 550 (15.60) 476 (15.5) 74 (16.4)

Educational level, n (%) < Diploma 2713 (76.9) 2358 (76.6) 355 (78.9) 027
> Diploma 816 (23.1) 721 (23.4) 95 (21.1)

Family history of T2DM, n (%) No 2947 (83.5) 2580 (83.8) 367 (81.6) 0.23
Yes 582 (16.5) 499 (16.2) 83 (184)

Pre-DM, n (%) No 3342 (94.7) 2911 (94.5) 431 (95.8) 0.27
Yes 187 (5.3) 168 (5.5) 19 (4.2)

HDL-C, mg/dl, median (IQR) 42 (35-49) 42 (35-50) 42 (35-49) 0.50

TC, mg/dl, median (IQR) 165 (145-189) 165 (145-189) 164.50 (146-187.25) 0.95

TG, mg/dl, median (IQR) 95 (69-137) 95 (69-137) 94.50 (71-133) 0.66

Values are presented as median (IQR, interquartile range), or number (n) (percentage) as appropriate

BMI body mass index, T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus, HDL-C high density lipoprotein cholesterol, TC total cholesterol, TG triglyceride

* In female offspring

Total: Offspring with normal and early maternal menopausal age

Normal: Offspring with normal maternal menopausal age

Early: Offspring with early maternal menopausal age
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Table 3 Baseline characteristics of offspring according to their last status in terms of glucose intolerance (Healthy, Pre-DM and T2DM)

Variables Last experienced event
Healthy Pre-DM T2DM P
n (%) =2,232(63) n (%)=734(21) n (%) =563 (16)
Age, years, median (IQR) 22 (21-25) 23 (21-28) 24 (21-29) <0.001
BMI, kg/mz, median (IQR) 22 (20-26) 24.27 (21.61-27.40) 25.02 (21.47-28.71) <0.001
Sex, n (%) Female 1214 (54.4) 283 (38.6) 331(58.8) 232 (41.2) <0.001
Male 1018 (45.6) 451 (61.4)
*Menarche age, years, median (IQR) 13 (12-14) 13 (13-14) 13 (13-14) 0.10
Physical activity, n (%) Low 1323 (59.3) 453 (61.7) 366 (65) 0.03
High 909 (40.7) 281 (38.3) 197 (35)
Smoking status, n (%) Never 1908 (85.5) 607 (82.7) 464 (82.4) 0.07
Ever 324 (14.5) 27 (17.3) 99 (17.6)
Educational level, n (%) < Diploma 1716 (76.9) 558 (76.0) 439 (78.0) 0.71
> Diploma 516 (23.1) 76 (24.0) 24 (22.0)
Family history of T2DM, n (%) No 1929 (86.4) 599 (81.6) 419 (74.4) <0.001
Yes 303 (13.6) 135(184) 144 (25.6)
HDL-C, mg/dl, median (IQR) 43 (35-52) 42 (35-49) 39 (34.50-46) <0.001
TC, mg/dl, median (IQR) 161 (143-185) 170 (149-198) 174 (152.50-200) <0.001
TG, mg/dl, median (IQR) 89 (66-122) 104 (75-162) 116 (77-169.50) <0.001

Values are presented as median (IQR, interquartile range), or number (n) (percentage) as appropriate

BMI body mass index, T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus, HDL-C high density lipoprotein cholesterol, TC total cholesterol, TG triglyceride

* In female offspring

Table 4 summarizes the results of Cox proportional
hazard regression analysis regarding the association
between the offspring’s maternal menopausal age with
T2DM, pre-DM and abnormal glucose tolerance. Mod-
els are presented in total and categorized by sex in both
unadjusted and adjusted models. No significant dif-
ferences were observed in the risk of T2DM in the oft-
spring with early maternal menopausal age (HR,,,4; (95%
CI): 1.03 (0.80, 1.31); P=0.8) compared to offspring with
normal maternal menopausal age, even by sex (females
(HR g5 (95% CI): 0.94 (0.63, 1.4); P=0.78) and males
(HR g (95% CI): 1.08 (0.79,1.48); P=0.62)); the results
remained not significant after adjusting for potential
confounders, including sex, age, BMI, physical activ-
ity, smoking status, educational level, family history of
T2DM, pre-DM, HDL-C, TC, and TG in total offspring
and same adjustment variables expect sex in models cat-
egorized by sex.

Based on the results of unadjusted model for pre-DM
response, offspring with early maternal menopausal age
showed a 23% marginal significant increase in the risk
of pre-DM (HR,,,4; (95% CI): 1.23 (0.97, 1.56); P=0.07)
compared to offspring with normal maternal menopausal
age (Table 4). In addition, female offspring with early
maternal menopausal age revealed a 42% marginal sig-
nificant increase in the risk of pre-DM (HR .4 (95% CI):
1.42 (0.98, 2.05); P=0.06) compared to females with nor-
mal maternal menopausal age. While in male offspring
there was no any differences (Table 4).

In adjusted cox regression model, offspring with
early maternal menopausal age showed a 26% marginal

significant increase in the risk of pre-DM (HR,q (95%
CI): 1.26 (0.99, 1.62); P=0.05) compared to offspring with
normal maternal menopausal age (Table 4). Addition-
ally, female offspring with early maternal menopausal
age revealed a 47% increase in the risk of pre-DM (HR,;
(95% CI): 1.47 (1.00, 2.16); P=0.04) compared to females
with normal maternal menopausal age. However, no sig-
nificant difference was observed in the risk of developing
pre-DM in male offspring with early maternal meno-
pausal age (HR,4 (95% CI): 1.14 (0.82, 1.57); P=0.42) in
comparison to males with normal maternal menopausal
age (Table 4).

No significant differences were observed in the risk of
abnormal glucose tolerance in the offspring with early
maternal menopausal age (I—[Runadj (95% CI): 1.05 (0.96,
1.14); P=0.23) compared to offspring with normal mater-
nal menopausal age, even by sex (females (HR,,q (95%
CD): 1.09 (0.96, 1.24); P=0.16) and males (HR,,q4; (95%
CI): 1.01 (0.91, 1.12); P=0.79)) (Table 4).

In adjusted cox regression model, no significant differ-
ence was observed in the risk of abnormal glucose toler-
ance in the offspring with early maternal menopausal age
compared to offspring with normal maternal menopausal
age (HR,4; (95% CI): 1.06 (0.98, 1.16); P=0.11). In adjusted
model, female offspring with early maternal menopausal
age showed a 13% marginal significant increase in the risk
of abnormal glucose tolerance (HRadj (95% CI): 1.13 (0.99,
1.29); P=0.06) compared to females with normal mater-
nal menopausal age. However, no significant difference
was observed in the risk of abnormal glucose tolerance
in male offspring with early maternal menopausal age
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Table 4 Association between maternal menopausal age and hazard ratio of the T2DM, pre-DM, and abnormal glucose tolerance in
total offspring and based on their sex

Response  Models Variables Total offspring Female offspring Male offspring
event HR (95% ClI) P HR (95% ClI) P HR (95% ClI) P
T2DM
Unadjusted Early maternal menopausal age, 1.03(0.80,1.31) 0.80 0.94(0.63,14) 0.78 1.08 (0.79,1.48) 062
(ref: Normal)
Adjusted Early maternal menopausal age, 1.16 (0.89, 1.5) 025 1.07(0.7,1.64) 0.74 1.15(0.83,1.6) 039
(ref: Normal)
Sex, (ref: Female) 24(1.01,1.52) 003 - - - -
Age, years .06 (1.04,1.07) <0.001 1.04(1.01,1.06) <0.001 1.09(1.06,1.11) <0.001
BMI, kg/m? .02 (1.00, 1.04) 0.008 1.03(1.00,1.06) <0.001 1.02(0.99,1.04) 0.11
Physical activity (ref: Low) 0.94(0.78, 1.14) 055 095069129 074 091(0.72,1.17) 048
Smoking status (ref: No) 1.057 (0.82, 1.35) 065 059(0.14,239) 046 097 (0.75,1.26) 0.85
Educational level (ref: Under 0.85 (0.68, 1.05) 0.14 1.13(0.81,1.59) 044 0.70(0.52,0.93) 0.01
diploma)
Family history of T2DM (ref: No) 70 (1.38,2.09) <0001 1.89(1.36,263) <0001 163(1.24,2.14) <0.001
Pre-DM (ref: No) 3.73(2.86,4.87) <0001 4.85(3.28,7.19) <0001 246(1.66,3.63) <0.001
HDL-C, mg/d| 0.99 (0.98, 1.004) 023 099(0.97,1.00) 0.26 0.99(0.98,1.01) 0.79
TC, mg/dl 00 (0.99, 1.00) 0.13  1.00(0.99,1.000 0.11 1.00(0.99,1.00) 0.94
TG, mg/dl 00 (1.00, 1.00) <0.001 1.00(1.00,1.00) 0.01 1.00(1.00, 1.00) <0.001
Pre-DM
Unadjusted Early maternal menopausal age, 1.23(0.97,1.56) 0.07 142(0.98,205 0.06 1.15(0.85,1.56) 035
(ref: Normal)
Adjusted Early maternal menopausal age, 1.26 (0.99, 1.62) 0.05 147(1.00,2.16) 0.04 1.14(0.82,157) 042
(ref: Normal)
Sex, (ref: Female) 1.86(1.5,2.3) <0.001 - - - -
Age, years 1.05 (1.03, 1.06) <0001 1.04(1.02,1.06) <0.001 1.05(1.03,1.08) <0.001
BMI, kg/m2 1.01(0.99, 1.03) 0.18 1.04(1.00,1.08) 0.03 1.00(097,1.02) 097
Physical activity (ref: Low) 02 (0.85,1.23) 0.78 095(0.69,132) 0.78 1.05(0.83,1.32) 067
Smoking status (ref: No) 0.88(0.69,1.12) 030 028(0.04,207) 021 0.90(0.7,1.15) 041
Educational level 0.87 (0.7, 1.09) 023 090(0.62,1.3) 0.60 0.85(0.64,1.13) 027
Family history of T2DM (ref: No) 27 (1.01,1.59) 003 146(1.00,2.12) 0.04 1.16 (0.87,1.55) 030
HDL-C, mg/dl 00 (0.98,1.01) 0.93 1.00(0.98,1.01) 0.77 0.99(0.98,1.01) 0.71
TC, mg/dl 0.99 (0.99, 1.00) 050 1.00(0.99,1.000 0.92 0.99(0.99,1.000 032
TG, mg/dl 00 (1.00,1.01) <0.001 1.00(1.00,1.00) 0.08 1.00(1.00, 1.00)  0.001
Abnormal Unadjusted Early maternal menopausal age, 05 (0.96, 1.14) 023 1.09(096,1.24) 0.16 1.01(0.91,1.12) 0.79
glucose tol- (ref: Normal)
erance (Pre- Adjusted Early maternal menopausal age, 1.06 (0.98,1.16) 011 1.13(099 129 006 1.02(092,1.14) 061
DM +T2DM) (ref: Normal)
Sex, (ref: Female) 1.43(1.25,1.63) <0.001 - - -
Age, years 1.01(1.00,1.02) 0.002 1.00(0.99,1.02) 045 1.02 (1.00,1.03) 0.009
BMI, kg/r‘n2 1.05 (1.03, 1.06) <0.001 1.07(1.051.09) <0.001 1.03(1.02,1.05) <0.001
Physical activity (ref: Low) .11 (0.98, 1.25) 0.08 099(0.81,1.21) 094 1.18(1.01,1.37) 0.03
Smoking status (ref: No) 0.90 (0.77,1.06) 022 072(0.30,1.76) 048 0.91(0.77,1.07) 0.26
Educational level 0.99 (0.86, 1.13) 090 1.09(0.88,1.36) 040 0.95(0.79,1.13) 0.56
Family history of T2DM (ref: No) 9(1.03,1.36) 001 1.27(1.01,158) 003 1.13(0.95,135) 0.14
HDL-C, mg/d| 01(1.00, 1.01) 0.001 1.01(1.00,1.02) 0.002 1.01(1.00,1.01) 0.02
TC, mg/dl 0.99 (0.99, 1.00) 0.01 099(0.99,1.00) 024 0.99 (0.99,0.99) 0.01
TG, mg/dl 1.00 (1.00, 1.00) <0.001 1.00(1.00,1.00) <0.001 1.00(1.00,1.00) <0.001

T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus, HR hazard ratio, C/ confidence interval, BMI body mass index, HDL-C high density lipoprotein
cholesterol, TC total cholesterol, TG triglyceride

(HRadj (95% CI): 1.02 (0.92, 1.14); P=0.61) in comparison
to males with normal maternal menopausal age (Table 4).

Figure 2 illustrates the cumulative hazard plot for the
occurrence of pre-DM event during follow-ups among all

offspring, as well as stratified by sex (female and male).
This figure indicates that offspring whose mothers experi-
enced early menopausal age had a higher hazard of devel-
oping pre-DM compared to those with mothers who had
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Fig. 2 (a-c) Cumulative hazard function plot. Hazard changes of pre-DM within survival time between groups (total offspring, female and male offspring
with early maternal menopausal age vs. total offspring, female and male offspring with normal maternal menopausal age). Adjusted for age, BMI, physical
activity, smoking status, educational level, family history of T2DM, HDL-C, TC, TG, and sex. Sex is not adjusted in adjusted models separated for females and
males. (a): Total offspring, (b): Female offspring, and (c): Male offspring. T2DM type 2 diabetes mellitus, Pre-DM pre-diabetes mellitus, BMI body mass index,

HDL-C high density lipoprotein cholesterol, TC total cholesterol, TG triglyceride

normal menopausal age, both in the total offspring popu-
lation and within sex-specific groups. Notably, this differ-
ence is more pronounced in female offspring. Conversely,
while male offspring show a greater increase in pre-DM
hazard over the follow-up period than females, this trend
is consistent across both exposure groups (normal and
early maternal menopausal ages (Fig. 2-c vs. 2-b); in male
offspring (2-c); however it is significantly higher in female
offspring with early maternal menopausal age than
females with normal maternal menopausal age (Fig. 2-b).

We also evaluated the shape of relationship between
continuous maternal menopausal age and risk of pre-DM

by cubic spline regression model. As shown in Fig. 3, the
curve generated using the cubic spline regression model
demonstrated a higher risk of pre-DM in offspring with
early maternal menopausal age compared to those with
normal maternal menopausal age (Fig. 3). Additionally,
the shapes of relationship between continuous maternal
menopausal age and risks of T2DM and abnormal glu-
cose tolerance in offspring are presented in supplemen-
tary file 1.
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Fig. 3 Nonlinear relationship between maternal menopausal age and
log relative hazard of pre-diabetes mellitus (pre-DM) in offspring by cubic
spline regression model

Discussion

In this large, population-based study with over two
decades of follow-up, it was demonstrated that the risk
of pre-DM was statistically significantly higher among
female offspring whose mothers experienced early meno-
pausal age compared to those with mothers who had a
normal menopausal age. Additionally, a higher risk (mar-
ginal significant) of abnormal glucose tolerance among
female offspring with early maternal menopausal age in
adjusted model was observed. However, no significant
differences were observed in the risks of developing pre-
DM and abnormal glucose tolerance in male offspring
with early maternal menopausal age compared to males
with normal maternal menopausal age in both unad-
justed and adjusted models. This finding suggests that the
influential effect of maternal menopausal age on the risks
of pre-DM and abnormal glucose tolerance are varied
by sex. Conversely, there were no significant differences
in the risk of developing T2DM between offspring with
mothers who had early menopausal age and those with
mothers who had normal menopausal age, regardless of
Sex.

There is currently a lack of evidence to directly com-
pare our findings with previous studies. While existing
research has explored various aspects of maternal health
and its impact on offspring outcomes in short- and long-
term, no study have specifically addressed how maternal
menopausal age can affect the risks of pre-DM, T2DM
and abnormal glucose tolerance in offspring in long-
term. This gap highlights the novel contribution of this
study in investigating this particular association of early
maternal menopausal age and the risk of glucose metabo-
lism disorders in offspring.
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In the current study, we observed an elevated risks of
pre-DM and abnormal glucose tolerance among female
offspring of women who experienced early menopause.
This increased risk may be attributed to several factors,
including genetic predispositions and adverse condi-
tions during intrauterine development. Genetic factors
may play a significant role in the transmission of meta-
bolic vulnerabilities from mother to offspring, poten-
tially influencing the offspring’s susceptibility to pre-DM.
Additionally, adverse intrauterine environments, which
can be shaped by maternal health and hormonal profiles
during pregnancy, may contribute to the developmental
origins of metabolic disorders.

A worse cardiometabolic profile and increased risks of
IR, diabetes, hypertension, weight gain, dyslipidemia and
CVDs have been observed in women with poor ovarian
reserve and early menopause compared to women with
normal menopausal age [4—12, 27-29]. Genetic factors
may play a role in the development of cardiometabolic
disorders within families. It has been reported that indi-
viduals with a first-degree relative with a cardiometa-
bolic disorder had a higher risk of the same disorder [3].
Familial aggregation of impaired fasting blood glucose,
IR, T2DM, obesity, and MetS have been observed [30-
37]. Based on accumulated evidences, some signaling
pathways and their relevant genes including transform-
ing growth factor-p (TGF-B/SMAD), PI3K/AKT, mTOR,
and MAPKSs, which involved in early menopausal age, are
required for normal metabolism as well. Dysregulation in
these pathways is implicated in the onset and progression
of some human diseases, including metabolic disorders
such as IR, diabetes, decreased insulin sensitivity, MetS,
hypertension, dyslipidemia, obesity, and CVDs [15, 16,
38-41].

The prenatal environment is a crucial developmental
period that has a profound impact on future metabolic
and health outcomes. It is suggested that an unfavorable
intrauterine environment through intrauterine growth
retardation, small for gestational age, and epigenetic
changes in genes involved in energy balance regulation,
lipid metabolism, insulin signaling, proinflammatory fac-
tors, and pancreas islet beta cell’s development may make
individuals more susceptible to CVDs, metabolic (such
as IR, obesity, MetS) and endocrine disorders in later life
[42-47].

Cardiometabolic disorders such as MetS, T2DM, and
hypertension exhibit sexual dimorphism in their devel-
opment [48], which could be partially attributed to varia-
tions in hypothalamic neurocircuitry and the expression
of androgen receptor (AR) in the hypothalamus. The
hypothalamus a critical brain region plays a vital role in
regulating energy and glucose homeostasis and it is influ-
enced by testosterone, leading to differences in reproduc-
tive behavior and physiology between genders [49]. As
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revealed in our present study and supported by previous
studies, sex differences affect pre-DM conditions includ-
ing impaired fasting glucose and impaired glucose toler-
ance. Notably, women have been found to have a higher
prevalence of impaired glucose tolerance compared to
men [20, 21, 50-52]. One study demonstrated that the
prevalence of pre-DM decreases with age in males, while
it increases in females [53]. This finding demonstrates a
complex interplay between age and sex in the develop-
ment of pre-DM conditions. In a cohort study, it was
reported that girls had higher HOMA-IR than boys dur-
ing the prepubertal ages [54]. Triglycerides are consid-
ered as a major risk factor for T2DM in women, although
they are less influential in men [55, 56]. Our previous
studies, along with a cohort study conducted by Huang
and colleagues revealed that elevated maternal androgen
levels were associated with a greater likelihood of MetS
in adult offspring, with a pronounced effect observed in
female offspring but not for male [57-59].

Sex hormones partially mediate the differences in met-
abolic status between sexes, including glucose homeo-
stasis, insulin signaling, fat accumulation, and lipid
metabolism [19]. In addition, sex differences in physi-
ology between men and women may arise from differ-
ences in sex chromosomes. Genes expressed on the X
chromosome can have a substantial effect on metabolic
parameters. These genes contribute to various aspects,
including body weight and adiposity [60—62]. Notably,
excess abdominal adiposity and the elevated risks of IR
and T2DM have been observed in men with Klinefelter
syndrome, who possess two X chromosomes, therefore
metabolic dysfunction is promoted by an additional X
chromosome [63, 64]. Moreover, XX animals with 2 X
chromosomes show increased fasting insulin levels, IR,
elevated liver triglycerides, higher expression of fatty
acid oxidation enzymes, and increased fat mass when
exposed to a high-fat diet [60]. One study conducted on
mice revealed extensive gene-by-sex regulation in IR [23].
Furthermore, the other study on mice revealed that XX
mice fed by high fat/high carbohydrate produced higher
concentration of insulin to maintain normal glucose lev-
els in comparison to XY mice [60]. Some genes on the X
chromosome could contribute to phenotypic differences
between males and females, impacting metabolic out-
comes [65].

There are several other mechanisms that could contrib-
ute to the observed sex differences in the development of
chronic diseases. These may include Resistin functions
as a pro-inflammatory molecule, and gut microbiota
[66—70].

Strengths and limitations of the study
Our study has several notable strengths. To the best of
our knowledge, our study is the first population-based
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prospective cohort study evaluated the risks of pre-DM,
T2DM and abnormal glucose tolerance in female and
male offspring with early maternal menopausal age ver-
sus those with normal maternal menopausal age, later
in their life. The population-based design of this cohort
study likely mitigates concerns regarding selection bias
that are often associated with clinical based studies. In
addition, our adjustment of the potential confound-
ers produced valuable results. The inter observer and/
or intra-assay variability for assessment of glucose con-
centration in our data is likely to be minimal because all
assessments were done at the same laboratory. Moreover,
as an ongoing study, it allows us to monitor the partici-
pants for further events. Conversely, our study also has
several limitations that should be acknowledged. Nota-
bly, we did not assess lifestyle modifications, including
dietary habits, which may significantly influence adverse
cardiometabolic outcomes. The omission of these fac-
tors limits our ability to fully understand the interplay
between lifestyle and metabolic health in the offspring
of women with varying menopausal ages. Additionally,
we did not evaluate the ovarian reserve status of moth-
ers during their pregnancy. Understanding the ovarian
reserve may help elucidate the biological mechanisms
through which maternal health influences the risk of
developing conditions such as pre-DM, T2DM and
abnormal glucose tolerance in later life. Consequently,
we did not incorporate the timing of offspring puberty
onset into our primary analysis, as it was not available for
male offspring and 20% of female offspring. However, we
acknowledge the potential significance of puberty onset
as a mediating factor and suggest that future studies with
more comprehensive data on this variable could provide
valuable insights into its role in the relationship between
maternal menopausal age and glucose intolerance in
offspring.

Future research should aim to incorporate these criti-
cal variables to enhance our understanding of the multi-
faceted relationships between maternal factors, lifestyle
choices, and cardiometabolic health outcomes in off-
spring. Addressing these limitations will contribute to a
more comprehensive understanding of the determinants
of metabolic disorders across generations.

Conclusions

In conclusion, this pioneer study with a long-term fol-
low-up showed that female offspring of women who
experienced early menopause have an increased risk
of developing pre-DM in their adult life compared to
females with normal maternal menopausal age. As the
precise pathophysiological links are not entirely under-
stood and many aspects still require elucidation, an
integrated description of the genetic, epigenetic, and
environmental influences involved in the concomitant
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development of diseases are still needed to shed new light
on the interlinks between early maternal menopausal age
and cardiometabolic disorders in offspring. Female off-
spring of women who experienced early menopause may
benefit from early screening for glucose metabolism dis-
orders. Given the established association between mater-
nal menopausal age and the metabolic health of offspring,
it is imperative to consider the potential intergenera-
tional risk factors that may predispose these individuals
to developing metabolic disorders. Early screening could
facilitate the timely identification of at-risk individuals,
allowing for the implementation of preventive measures
and lifestyle modifications aimed at reducing the inci-
dence of diabetes and its associated comorbidities.
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