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ARTICLE HIGHLIGHTS

» Early age at menarche is associated with a wide range of adverse health consequences, although the potential
biological mechanisms underlying early menarche remain elusive.

* We aimed to investigate whether early-life insulin plasma levels and their trajectories are associated with earlier
menarche.

¢ Elevated plasma insulin concentrations and their longitudinal trajectories from birth to childhood were associated
with an earlier attainment of menarche. Childhood overweight or obesity and low adiponectin enhanced the asso-
ciations. Consistent with this, the leptin/adiponectin ratio was also associated with earlier onset of menarche.

« Our findings suggest the need for early screening and intervention of insulin resistance in early life.
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OBJECTIVE

To investigate the association of plasma insulin levels and their trajectories from
birth to childhood with the timing of menarche.

RESEARCH DESIGN AND METHODS

This prospective study included 458 girls recruited at birth between 1998 and 2011
and followed prospectively at the Boston Medical Center. Plasma nonfasting insulin
concentrations were measured at two time points: at birth (cord blood) and in child-
hood (age 0.5-5 years). Age at menarche was obtained from a pubertal developmen-
tal questionnaire or abstracted from electronic medical records.

RESULTS

Three hundred six (67%) of the girls had reached menarche. The median (range)
age at menarche was 12.4 (9-15) years. Elevated plasma insulin concentrations
at birth (n = 391) and in childhood (n = 335) were each associated with an earlier
mean age at menarche: approximately 2 months earlier per doubling of insulin
concentration (mean shift, —1.95 months, 95% Cl, —0.33 to —3.53, and —2.07 months,
95% Cl, —0.48 to —3.65, respectively). Girls with overweight or obesity in addition to ele-
vated insulin attained menarche about 11-17 months earlier, on average, than those
with normal weight and low insulin. Considering longitudinal trajectories (n = 268), having
high insulin levels both at birth and in childhood was associated with a roughly 6 months
earlier mean age at menarche (mean shift, —6.25 months, 95% Cl, —0.38 to —11.88),
compared with having consistently low insulin levels at both time points.

CONCLUSIONS

Our data showed that elevated insulin concentrations in early life, especially in
conjunction with overweight or obesity, contribute to the earlier onset of menar-
che, suggesting the need for early screening and intervention.

Menarche is a key milestone in female reproductive life, occurring in the late stages
of pubertal development. Over the past few decades, a secular trend toward ear-
lier occurring menarche has been observed (1,2). Early age at menarche has been
associated with a wide range of adverse health consequences, including type 2 dia-
betes (3), cardiovascular disease (3,4), and breast cancer (5,6); thus, it is a major
clinical and public health concern. While the precise mechanism underlying menar-
che onset remains elusive, it is well established that the hypothalamic-pituitary-
gonadal (HPG) axis orchestrates the initiation and development of puberty (7). The
HPG axis is transiently activated during the fetal and early postnatal periods,
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Insulin and Age at Menarche

followed by a relative quiescent period
in childhood (7), and then reactivated at
the beginning of puberty, suggesting that
early developmental periods are critical
windows for pubertal development (8).

Insulin, an important metabolic hor-
mone, plays a critical role in fetal growth
and reproductive tract development (9).
Insulin participates in the regulation of lu-
teinizing hormone secretion (10), implicat-
ing its role in puberty onset. Previous
studies have documented that type 1 dia-
betes, a condition characterized by insulin
deficiency, was associated with some de-
lay in the age of menarche (11), whereas
obesity, characterized by insulin resistance
coupled with hyperinsulinemia, has been
linked to earlier menarche (7). Moreover,
clinical randomized trials targeting insulin
resistance using metformin, an insulin sen-
sitizer, showed that improved insulin sen-
sitivity may decrease the risk of early
onset of puberty and menarche (12,13).
Along the same lines, adiponectin and lep-
tin levels, which have been associated
with insulin sensitivity or insulin resis-
tance, also play important roles in the on-
set of puberty (7). Taken together, the
available biological evidence suggests that
insulin is an additional modulator of sexual
maturation, and insulin resistance may be
an important risk factor for earlier menar-
che. However, to date, it is unknown
whether insulin resistance during develop-
mental periods has a long-term impact on
age at menarche.

Using a long-running, racially diverse
birth cohort, we aimed to examine age at
menarche in relation to insulin levels at
two time points: at birth (cord blood insu-
lin) and in childhood (random insulin)
among girls who were followed prospec-
tively from birth onward. We also sought
to examine whether elevated insulin con-
centrations in early life and childhood
overweight or obesity (OWO) have com-
bined associations with age at menarche.

RESEARCH DESIGN AND METHODS

Study Participants

Participants in this study were a subset of
the Boston Birth Cohort (BBC), which is
an ongoing cohort that enrolled 8,623
mother-infant pairs between October 1998
and December 2019 at Boston Medical
Center (BMC). From the BBC, 3,394 chil-
dren (1,684 females, 1,710 males) who re-
ceived primary care at BMC and consented
to participate in the follow-up study were

followed from birth onward. Of the 1,684
girls followed, 744 had plasma insulin
concentrations measured. After excluding
those with precocious puberty (i.e., the
onset of secondary sexual characteristics
before 8 years of age, n = 56), lost to
follow-up (n = 38), older than 15 years of
age but with missing information on age
at menarche (n = 107), younger than
7 years old (n = 60), and with postnatal in-
sulin measured at age 6 years or older
(n = 25), this study included a total of 458
girls. From this group, 391 girls had cord
blood insulin concentration measured,
335 girls had postnatal random insulin
concentration measured, and 268 girls had
insulin measured at both time points
(Supplementary Fig. 1). The median dura-
tion of follow-up among the 458 girls was
11 vyears (range: 7.0-15.2 years). There
were no remarkable differences between
girls who were included in this study (n =
458) and girls enrolled in the BBC (n =
4,327) in terms of demographic and clinical
variables, except that this study included a
higher proportion of girls whose mothers
self-identified as being of Black race or hav-
ing obesity in prepregnancy (Supplementary
Table 1). The BBC has been approved by the
Institutional Review Boards of BMC, Boston,
MA, and Johns Hopkins Bloomberg School
of Public Health, Baltimore, MD. Written in-
formed consent was obtained from the
mother of each child at study entry and at
follow-up, and child assent was obtained.

Determination of Plasma Insulin and

Adipokines Concentrations

The collection and storage of cord blood
and venous blood were in accordance
with standardized operating procedures
(14). Cord blood collected immediately af-
ter birth was used to ascertain insulin con-
centration at birth, while random venous
blood collected at a median age of 1.5 years
(range, 0.5-5 years) was used for quantifying
insulin, adiponectin, and leptin concentra-
tions in childhood. To minimize participants’
burden, BBC study visits were aligned with
pediatric primary care visits, when child-
hood blood samples were collected. The
detailed distribution of the hour of day at
the study visit is presented in Table 1.
Plasma insulin and leptin concentrations
were determined using sandwich immu-
noassays based on flow metric xMAP
technology on Luminex 200 machines
(Luminex Corp., Austin, TX), and adiponec-
tin was measured by ELISA. Intra-assay
coefficients of variation were <8% for insulin,
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leptin, and adiponectin. A detailed descrip-
tion of the lab methods can be found in our
previous publications (15,16). Plasma adipo-
nectin concentrations and leptin/adiponec-
tin ratio in childhood served as surrogates
of insulin sensitivity (17) and insulin resis-
tance (18), respectively.

Definition of Insulin Trajectories

We first determined the median of plasma
insulin concentration at each time point (at
birth [cord blood] and in childhood). Next,
we identified four trajectories based on
these medians, as follows: 1) consistently
low (reference): stable below median at
two time points; 2) increasing: below me-
dian at birth going up to above median in
childhood; 3) decreasing: above median at
birth falling to below median in childhood;
and 4) consistently high: sustained at above
median at both time points.

Ascertainment of Age at Menarche
After girls attained age 6 years, a ques-
tionnaire was used at least annually to
gather menarche information. If a girl
reached menarche, the month and year
of the first menstrual period was re-
corded. Age at menarche reported at
the first study visit after menarche oc-
curred was used in the analyses. If a
guestionnaire response was not available
(68.6%), age at menarche was abstracted
from the electronic medical record (EMR).
Of those who reached menarche, 139
(63%) reported age, 62 (29%) reported
both age and year and month in which
menarche occurred, and the other 19 re-
ported both age and year. Given that year
and month of menarche are more precise
than reported age, we preferentially used
year and month when available. If girls
had multiple reports, the first report was
used with the expectation of less recall
bias given shorter intervals between the
event and report. In the subset of girls
with both reported age and year and
month (n = 62), the correlation coefficient
between the reported age and calculated
age based on the reported year and
month was 0.91. Age at menarche was
further adjudicated using information on
age at peak height velocity and Tanner
stage of breast development.

Definition of Childhood OWO and
BMI Trajectories

Child weight and height were measured
by medical staff during clinic visits and
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Table 1—Characteristics of the study population (n = 458)

Maternal characteristics

N (%)

Maternal age at delivery (years)*

Race and ethnicity

28.1 (23.2-33.5)

Non-Hispanic Black 282 (61.6)

Hispanic 106 (23.1)

Other 70 (15.3)
Education

High school and below 307 (67.0)

College and above 151 (33.0)
Smoking status during pregnancy

Nonsmoker 380 (83.0)

Smoker 78 (17.0)
Prepregnancy BMI (kg/m?) 27.3 (6.9)
Prepregnancy obesity

No 339 (74.0)

Yes 119 (26.0)
Diabetes during pregnancy

Nondiabetic 386 (84.3)

Gestational diabetes 51(11.1)

Preexisting diabetes 21 (4.6)
Hypertensive disorders in pregnancy

No 393 (85.8)

Yes 65 (14.2)
Gestational weight gain

Adequate 129 (28.2)

Inadequate 139 (30.3)

Excessive 139 (30.4)

Missing data 51 (11.1)
Maternal age at menarche (years)* 13 (12-14)
Maternal age at menarche categories

<12 years 105 (22.9)

12-13 years 185 (40.4)

=14 years 168 (36.7)
Child characteristics N (%)
Fetal growth

AGA 353 (77.1)

SGA 59 (12.9)

LGA 46 (10.0)
Preterm birth 136 (29.7)
Breastfeeding status

Any 347 (75.8)

None 111 (24.2)
Timing of solid food introduction

Early (1-3 months) 43 (9.4)

Suggested (4—6 months) 265 (57.9)

Delayed (>7 months) 82 (17.9)

Missing data 68 (14.8)
Rapid weight gain in the first year of life

No 148 (32.3)

Yes 244 (53.3)

Missing data 66 (14.4)
BMI z-scoret 0.9 (—3.4, 6.2)
OWO in childhood 208 (45.4)
Hour of day at the study visit

Before 9:00 a.m. 17 (5.1)

9.01-12:00 A.m. 147 (43.9)

Continued on p. 1234

documented in the EMR. BMI was calcu-
lated as weight in kilograms divided by the
square of the height in meters (kg/m?),
and BMI percentiles were calculated using
World Health Organization reference val-
ues (19). OWO was defined as BMI =
85th percentile for age. Childhood OWO
status at a single time point (median [inter-
quartile range (IQR)] age: 7.0 [6.5-7.3]
years) was used for the analyses. In addi-
tion, BMI trajectories from birth to age
5 years were determined based on re-
peated BMI measurements using time se-
ries K-means clustering, with k set at four,
as described previously (20,21). As a result,
four BMI trajectory groups were gener-
ated: stable normal weight, stable lean,
early-onset OWO, and late-onset OWO.

Prenatal and Postnatal Covariates

Maternal prepregnancy height and weight,
race and ethnicity, educational attainment,
and age at menarche were gathered from
maternal interviews conducted at 24-72 h
after delivery. Self-reported race and ethnic-
ity were classified into mutually exclusive
categories: non-Hispanic Black, Hispanic,
and other (which included non-Hispanic
White, Asian, Pacific Islander, more than
one race, and other race). Educational at-
tainment was categorized into high school
and below versus college and above. Smok-
ing status during pregnancy was classified
into nonsmoker versus smoker (quitter or
continuous smoker). Maternal age at men-
arche was grouped into <12, 12-13, and
=14 years. Maternal BMI was calculated
based on prepregnancy weight and height
and then further classified into nonobese
(<30 kg/m?) and obese (=30 kg/m?). Ma-
ternal diabetes status during pregnancy
(nondiabetic, gestational diabetes, and pre-
existing diabetes) was extracted from EMRs
and verified by blood glucose profiles ac-
cording to American Diabetes Association
criteria (22). Maternal age at delivery, preg-
nancy complications, and child’s birth weight
and gestational age at delivery were ab-
stracted from EMRs. Hypertensive disorders
in pregnancy included chronic/gestational
hypertension, preeclampsia, and eclamp-
sia, and hemolysis, elevated liver enzymes,
and low platelets syndrome. Maternal ges-
tational weight gain was calculated as the
difference between pregestational or first
trimester bodyweight and the last recorded
bodyweight before delivery, and then cate-
gorized as adequate, inadequate, and exces-
sive weight gain according to the Institute of
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Table 1—Continued

Child characteristics N (%)
12.01-2:00 p.m. 63 (18.8)
2:01-4:00 p.Mm. 98 (29.2)
After 4:00 r.m. 10 (3.0)

OWO trajectories (0-5 years)

Stable normal weight 71 (20.9)
Stable lean 93 (27.3)
Early-onset OWO 123 (36.2)
Late-onset OWO 53 (15.6)
Age at menarche (years)+t 12.4 (9-15)
Attained menarche 306 (66.8)

Data are presented as mean (SD) or N (%). AGA, appropriate for gestational age; LGA, large
for gestational age; SGA, small for gestational age. *Median (IQR). tMedian (range).

Medicine recommendation (23). Preterm birth
was defined as gestational age < 37 weeks.
Fetal growth was classified into small
for gestational age (birth weight for ges-
tational age < 10th percentile), appro-
priate for gestational age (10th to 90th
percentile), and large for gestational age
(>90th percentile) (15). Infant breast-
feeding history and the timing of first
solid-food introduction were collected
by questionnaire interview at follow-up
visits (16,24). Breastfeeding status was
grouped into any breastfeeding versus
none. Timing of first solid-food introduc-
tion was categorized as “early” (within
the first 3 months of age), “suggested”
(within 4-6 months of age), or “delayed”
(7 months of age or later). To identify rapid
weight gain in the first year, we first calcu-
lated weight-for-age z-scores in the first
year using World Health Organization ref-
erence values (19). Weight gain z-score
was calculated as the change in weight-for-
age z-scores from birth to 1 year of age,
and further categorized into two groups:
rapid (weight gain z-score > 0.67) versus
nonrapid (=0.67) (15).

Statistical Analysis

Since the distributions of plasma insulin and
adipokine concentrations were skewed,
wthey were log2-transformed to reduce
the leverage of extreme values. Correlation
coefficients were calculated between log2-
transformed cord blood and postnatal in-
sulin using Pearson correlation. To identify
potential nonmonotonic dose-response re-
lationships, we also modeled tertiles of
plasma insulin concentration, adiponectin,
leptin, and leptin/adiponectin ratio with
age at menarche.

To start, we used accelerated failure
time (AFT) models to assess the indepen-
dent associations between plasma insulin
concentrations at each time point (at birth
and in childhood) and menarche timing
using a Weibull distribution with adjust-
ment for important covariates (Proc Life-
reg, version 9.4; SAS Institute, Cary, NC).
The time ratios (TRs) provided by the AFT
model are interpreted as the ratio of the
median time to event for a given level of
plasma insulin to the reference level. Next,
we converted the TR to a mean shift (in
months) at age of menarche. The perti-
nent covariates were selected based on
biological plausibility and relevant litera-
ture, including maternal age, educational
attainment, race and ethnicity, smoking
during pregnancy, prepregnancy BMI, di-
abetes status during pregnancy, hyper-
tensive disorders in pregnancy, maternal
age at menarche categories, child’s fetal
growth, and preterm birth. The associa-
tion model of childhood insulin concen-
tration further included age of plasma
insulin measurement and the hour of day
at the study visit in addition to the above-
mentioned covariates. As a next step, we
built AFT models to explore the associa-
tion of longitudinal trajectories of plasma
insulin from birth to childhood, adiponec-
tin, leptin, and leptin/adiponectin ratio
with age at menarche adjusted for the
same covariates mentioned above. The
median age at menarche was calculated
using an unadjusted AFT model, which ac-
counted for the censored individuals.

Next, we estimated the combined asso-
ciations of plasma insulin concentrations,
OWO, BMI trajectories, and adiponec-
tin with menarche timing using AFT
models. We also explored potential
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effect modification of childhood OWO by
including insulin concentration, OWO, and
their cross-product term in the AFT models.

At a 0.05 level of significance (two sides)
with 80% power, we were able to detect a
1.5% difference in menarche timing among
186 participants who had reached menar-
che. All statistical analyses were performed
using SAS version 9.4 (SAS Institute).

RESULTS

Characteristics of the Study
Population

The 458 girls included in this study were
racially and ethnically diverse, with 62%
non-Hispanic Black and 23% Hispanic. A
relatively high percentage of the girls
were born prematurely (30%) (Table 1).
Most mothers (67%) did not attend col-
lege or beyond. More than one-fourth
(26%) of mothers were obese at the
time of their pregnancies, and 16% had
preexisting or gestational diabetes. Ma-
ternal median (IQR) age at delivery was
28.1 (23.2-33.5) years. A high percentage
(45%) of the girls had OWO in childhood,
at median (IQR) ages of 7 (6.5—7.3) years.
In all, 306 (67%) of the girls had reached
menarche. Median age at menarche was
12.4 years, which was about 8.4 months
earlier than their mothers (median =
13.0 years). The medians (IQR) of plasma
insulin concentrations at birth and in child-
hood were 13.58 (8.23-21.36) plU/mL and
12.56 (7.65-22.96) wU/mL, respectively,
and they were moderately correlated (p =
0.18, P=0.004) (Supplementary Table 2).

Plasma Insulin at Birth and in
Childhood, Its Trajectories, and Age
at Menarche

The estimated mean age at menarche
was lower among girls who had elevated
insulin levels at each time point. As shown
in Table 2, the mean age at menarche de-
creased by about 2 months for every dou-
bling of plasma insulin concentration at
birth (mean shift of age at menarche =
—1.95; 95% Cl —0.33 to —3.53) and in
childhood (mean shift = —2.07; 95% Cl
—0.48 to —3.65). Compared with girls in
the lowest tertile (T1), adjusted models
suggested that menarche occurred ap-
proximately 7 months and 5 months ear-
lier among girls in the top tertile (T3) of
insulin levels at birth and in childhood, re-
spectively (Table 2). The inclusion of child-
hood BMI z-score partially attenuated the
effect estimates (Supplementary Table 3).
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Table 2—Association between plasma insulin levels (at birth, in childhood and
longitudinal trajectories) with age at menarche

Insulin concentration

Mean shift (in mo) of age

or tertile (nlU/mL) n TR (95% Cl) at menarche (95% Cl) P value
At birth (cord blood)
T1: <9.8 130 1.00 Reference
T2: 9.9-18.4 131 0.97 (0.94, 1.00) —5.42 (—0.15, —10.51) 0.044
T3: >18.4 130  0.96 (0.93, 0.99) —6.58 (—1.37, —11.65) 0.014
A doubling of insulin 391  0.99 (0.98, 1.00) —1.95 (—0.33, —3.53) 0.018
level
Childhood*
T1: <9.4 111 1.00 Reference
T2: 9.5-18.2 112 0.97 (0.94, 1.00) —5.00 (—0.19, —9.65) 0.041
T3: >18.3 112 0.97 (0.94, 1.00) —4.95 (—0.25, —9.52) 0.039
A doubling of insulin 335  0.99 (0.98, 1.00) —2.07 (—0.48, —3.65) 0.011
level
Trajectory*
Consistently low 82 1.00 Reference
Decreasing 63 1.00 (0.96, 1.04) 0.30 (—6.29, 7.17) 0.931
Increasing 55 0.99 (0.95, 1.03) —1.62 (—7.82, 4.85) 0.620
Consistently high 68 0.96 (0.93, 1.00) —6.25 (—0.38, —11.88) 0.037

Adjusted for maternal age, educational attainment, race and ethnicity, smoking status during
pregnancy, prepregnancy BMI, diabetes status during pregnancy, hypertensive disorders in
pregnancy, maternal age at menarche categories, child’s fetal growth status, and preterm
birth; mo, months; T, tertile. *Further adjusted for age at which plasma insulin was mea-
sured and the hour of day at the study visit in addition to the abovementioned covariates.

When modeling longitudinal insulin tra-
jectories from birth to childhood, age at
menarche occurred substantially earlier
among girls with high insulin levels both
at birth and in childhood compared with
those with consistently low insulin levels
at the two time points (aTR = 0.96; 95% CI
0.93 to 1.00), suggesting that menarche
was occurring approximately 6 months ear-
lier on average, 95%Cl —0.38 to —11.88
(Table 2), among those girls.

Plasma Adipokines in Childhood and
Age at Menarche

Childhood adiponectin was a predictor of
age at menarche, with significantly later
timing of menarche onset observed for
those with T3 adiponectin levels versus
T1 levels (mean shift = 6.40 months; 95%
Cl 1.71 to 11.24) (Supplementary Table
4). When adiponectin was modeled as a
continuous variable, mean age at menar-
che occurred 4 months later for each
doubling of adiponectin concentration
(mean shift = 3.56, 95% Cl 1.43 to 5.72).
In contrast, an elevated leptin concentration
and the leptin/adiponectin ratio were asso-
ciated with earlier menarche (mean shift =
—2.44 [95% Cl —1.02 to —3.85] and —2.94
[95% ClI —1.79 to —4.11], respectively).
Compared with T1 levels, T3 leptin and T3
leptin/adiponectin ratios were associated
with about a 9-month and 11-month earlier

menarche on average, respectively (Supple-
mentary Table 4). Furthermore, mean
age at menarche occurred about 8 and
11 months earlier for girls with low adipo-
nectin coupled with T3 cord blood and
childhood insulin levels, respectively, com-
pared with those with high adiponectin and
T1 insulin levels (Fig. 1A and B).

Combined Associations of Insulin,
OWO, and BMI Trajectories With Age
at Menarche

Childhood OWO was associated with a
roughly 9-month-earlier age at menarche
(mean shift = —9.39; 95% Cl —5.72 to
—12.97) compared with normal weight
(Table 3). Compared with stable normal
weight from birth to age 5 years, both
early-onset and late-onset OWO were as-
sociated with around a 9-month-earlier
menarche. We also observed a substan-
tial combined association of plasma insu-
lin and OWO (Fig. 1C and D). As shown
in Table 3, mean age at menarche oc-
curred about 17 months earlier for girls
with OWO and T3 cord blood insulin levels
compared with those with normal weight
and T1 insulin levels (mean shift = —16.78;
95% Cl —9.56 to —23.67). A similar de-
crease was seen for girls with OWO and T3
insulin levels in childhood (mean shift =
—10.78; 95% Cl —4.66 to —16.65). The
combination of insulin levels and BMI

trajectories was strongly associated with
earlier age at menarche.

Sensitivity Analysis

When we additionally adjusted for rapid
weight gain in the first year, timing of
first solid-food introduction categories,
breastfeeding status, or maternal gesta-
tional weight gain categories, the effect
estimations were not substantially at-
tenuated (Supplementary Tables 5-8).
Furthermore, the associations between
earlier menarche and elevated insulin
concentrations at either time point (at
birth, in childhood) were generally consis-
tent when we restricted the analyses to
major population subgroups: girls who
self-identified as being non-Hispanic Black
(Supplementary Table 9), girls with term
births (Supplementary Table 10), girls with
normal birth weight (=2,500 g) (Supp-
lementary Table 11), and girls with mea-
surement of childhood insulin between
ages 0.5 and 3 vyears (Supplementary
Table 12). The estimated mean shift of age
at menarche did not markedly change
when stabilized inverse probability weight-
ing was applied to account for potential
selection bias due to exclusions (Supple-
mentary Table 13), or when girls with pre-
cocious puberty were also included in the
analysis (Supplementary Table 14).

CONCLUSIONS

To our knowledge, this is the first prospec-
tive birth cohort study to systematically in-
vestigate the associations of plasma insulin
levels in early life (at birth and in child-
hood) and their longitudinal trajectories
with age at menarche. We found that
plasma insulin concentrations at birth or in
childhood were independently associated
with earlier mean ages at menarche, and a
higher risk was particularly evident among
girls with OWO. A consistently high plasma
insulin level at birth and in childhood was
strongly associated with earlier menarche,
beyond established prenatal and postnatal
risk factors. Our findings lend further sup-
port to the hypothesis that early life events
may shape menarche timing and highlight
that elevated insulin levels both at birth
and in childhood may predict earlier age at
menarche.

Our data revealed a strong consistent
association between age at menarche
and plasma insulin concentrations at two
time points (at birth and in childhood),
which suggests that any incremental
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Figure 1—Combined associations of plasma insulin, OWO, and childhood adiponectin with age at menarche. A and B display the combined associa-
tions of early childhood adiponectin and plasma insulin at birth (A) and in childhood (B) with age at menarche. The y axis represents the mean shift
of age at menarche (in months). C and D display the combined associations of childhood OWO and plasma insulin at birth (C) and in childhood (D)
with age at menarche. The y axis represents the mean shift of age at menarche (in months). Low adiponectin was defined as plasma adiponectin
concentrations in childhood below median, while high adiponectin was defined as above median. APN, adiponectin; mo, months; T, tertile.

increase in insulin levels at key develop-
mental windows is associated with an in-
creased risk of earlier menarche. The
association was independent of known
risk factors and childhood BMI. Our re-
sults are in agreement with previous re-
ports that elevated insulin concentrations
at age 6-8 years were associated with
earlier menarche age (25,26). In support
of our findings, one study showed that
girls with central precocious puberty had
higher plasma insulin levels than healthy
controls (27). Since compensatory hyper-
insulinemia is one of the consequences
of insulin resistance, and the adverse ef-
fects related to insulin resistance are
more likely mediated via compensatory
hyperinsulinemia (28), our findings sug-
gest that early-life insulin resistance may
be implicated in advanced menarche
timing.

Furthermore, when we examined the
associations between longitudinal tra-
jectories of insulin levels from birth to
childhood and menarche timing, we found
that girls who had consistently high plasma
insulin levels both at birth and in child-
hood had the earliest menarche, sug-
gesting that both at birth and the early
postnatal period are susceptible risk time
periods. Our findings also raise the possi-
bility that early-life treatment of insulin
resistance, via lifestyle changes, could
prevent earlier menarche, and, in turn,
reduce the risk of adverse health conse-
guences related to earlier menarche, such
as cardiovascular diseases, diabetes, and
breast cancer in later life. Our results are
in line with those of two clinical trials that
used metformin, an insulin sensitizer, to
treat girls with insulin resistance and
showed a reduced risk of early onset of

puberty and menarche (12,13). There-
fore, some medications hold potential to
help prevent earlier menarche.
Consistent with a body of studies that
have established a link between child-
hood obesity and earlier onset of puberty
and menarche (7), the current study
showed that childhood OWO was signifi-
cantly associated with earlier menarche.
Importantly, our data further pinpointed
that childhood OWO exacerbated the as-
sociation between plasma insulin and
earlier menarche. Since the combination
of having both OWO and elevated insulin
levels in early life results in earlier menar-
che than is seen among girls with one
condition alone, it is likely that the intri-
cate interplay between these two condi-
tions is further implicated in the complex
process of menarche. Given that early
age at menarche is associated with a
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Table 3—Individual and joint associations of childhood OWO and insulin levels with age at menarche

Insulin at birth

Insulin in childhood

Mean shift (in mo) of age

Mean shift (in mo) of age

INS owo n at menarche (95% Cl) P value n at menarche (95% Cl) P value
No — 250 Reference
Yes — 208 —9.39 (—5.72, —12.97) <0.001
BMI-Z — 458 —2.85 (—1.63, —4.05) <0.001
Combined
T1 No 70 Reference 69 Referencet
T2 No 75 —8.32 (—1.49, —14.90) 0.018 58 —3.52 (—9.54, 2.74) 0.267
T3 No 72 —9.60 (—3.00, —15.93) 0.005 51 —3.10 (—9.45, 3.53) 0.354
Tl Yes 60 —13.22 (—6.45, —19.69) <0.001 43 —4.29 (—10.92, 2.64) 0.221
T2 Yes 56 —16.50 (—9.35, —23.31) <0.001 54 —11.14 (—4.76, —17.26) <0.001
T3 Yes 58 —16.78 (—9.56, —23.67) <0.001 61 —10.78 (—4.66, —16.65) <0.001
Trajectory*
SNW — 71 Reference
SL — 93 1.06 (—5.28, 7.65) 0.749
EOWO — 123 —8.86 (—3.27, —14.25) 0.002
LOWO — 53 —9.50 (—2.84, —15.87) 0.006
Combined
T1 No 45 Reference 56 Referencet
T2 No 49 3.50 (—5.54, 13.03) 0.456 39 —7.20 (—14.28, 0.20) 0.057
T3 No 50 —2.90 (—12.18, 6.94) 0.556 35 —9.77 (—2.03, —17.16) 0.014
T1 Yes 47 —6.91 (—15.37, 2.03) 0.128 42 —12.18 (—5.17, —18.91) <0.001
T2 Yes 54 —8.66 (—17.57, 0.79) 0.072 46 —12.96 (—5.67, —19.93) <0.001
T3 Yes 45 —15.46 (—5.96, —24.41) 0.002 56 —15.98 (—9.51, —22.17) <0.001

Adjusted for maternal age, education attainment, race and ethnicity, smoking status during pregnancy, prepregnancy body mass index, diabe-
tes status during pregnancy, hypertensive disorders in pregnancy, maternal age at menarche categories, child’s fetal growth status, and pre-
term birth. There was no evidence of interaction (all P values for interaction >0.05). BMI-Z, body mass index z-score; EOWO, early-onset
OWO; INS, insulin; LOWO, late-onset OWO; mo, months; SL, stable lean; SNW, stable normal weight; T, tertile. *BMI trajectories. tFurther ad-
justed for age at which plasma insulin was measured and the hour of day at the study visit in addition to the abovementioned covariates.

wide range of adverse health effects dur-
ing puberty and beyond (29), our find-
ings raise the possibility that appropriate
screening and management of insulin re-
sistance from birth to early childhood
may reduce the considerable adverse ef-
fects of early menarche and could achieve
long-lasting benefits for women of all
ages.

Our data also showed that elevated adi-
ponectin was associated with later menar-
che, whereas elevated leptin and the
leptin/adiponectin ratio were associated
with earlier menarche. These findings are
in line with previous studies that reported
a negative association between prepuber-
tal leptin and age at menarche (25,26) but
a positive association between prepuber-
tal adiponectin and menarche (25). Given
that plasma adiponectin concentrations
and the leptin/adiponectin ratio in child-
hood have been shown to serve as surro-
gates of insulin sensitivity (17) and insulin
resistance (18), respectively, these findings
further support our hypothesis that early-
life insulin resistance may contribute to
earlier onset of menarche.

Higher insulin may contribute to an earlier
menarche through several potential mecha-
nisms: 1) neuroendocrine mechanisms, in
which hyperinsulinemia stimulates the pulsa-
tile luteinizing hormone secretion (30), which
may regulate ovarian sex steroid production
and trigger ovulation (31); and 2) peripheral
mechanisms, in which insulin resistance
brings about reduced hepatic production of
sex hormone-binding globulin (32), which,
in turn, results in increased sex steroid bio-
availability (7) leading to earlier menarche.
Since the HPG axis is vulnerable during de-
velopmental periods (7), it is possible that
variations in insulin resistance during critical
developmental windows may influence the
HPG axis structures and functions. Some
studies have provided evidence that epige-
netic regulations contribute to female pu-
berty (33).

Strengths and Limitations

Our study had several strengths. Plasma in-
sulin concentrations were measured at
two time points (at birth and in childhood).
This study design offered the possibility of
detecting an association between insulin

levels during developmental windows and
menarche timing. The prospective birth
cohort study design also avoided the limita-
tions of reverse causality. Several limitations
also should be acknowledged. First, plasma
insulin concentrations in childhood were
measured in nonfasting samples that were
collected randomly at any time during clini-
cal hours. The random timing of blood sam-
pling may have introduced background
noise and, thus. biased our results toward
the null. Second, we did not estimate insulin
sensitivity by the hyperglycemic-euglycemic
clamp method, the gold standard for de-
termining insulin sensitivity, because it is
challenging and impractical in large-scale
epidemiological studies. Third, we did not
measure neonatal venous blood insulin at
birth; we measured cord blood insulin
concentration at birth, which has been as-
sociated with birth weight (15,34), as a
proxy. Fourth, we only measured total
adiponectin; while high molecular weight
adiponectin is strongly related to the role
of insulin-sensitization (35), it was not
measured. Five, age at menarche was ob-
tained from the EMRs for more than two-


https://diabetesjournals.org/care

Insulin and Age at Menarche

thirds of the participants. Finally, given
that our study participants had high BMI
z-scores and a high rate of OWO in child-
hood, which may lead to high childhood in-
sulin concentrations, caution should be
used when generalizing our findings to lean
populations.

In conclusion, in this prospective study,
we demonstrated a strong association be-
tween elevated insulin in early life and
earlier age at menarche. We found that
childhood OWO enhanced the association.
These findings may have important public
health implications, including promoting
the development of earlier screening and
prevention strategies, especially given the
wide range of adverse health consequen-
ces related to earlier menarche.
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