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Early menarche has been associated with increased risk of metabolic syndrome. Therefore, investigating the association of each
component of metabolic syndrome with age at menarche, and interactions between them, might lead to a better understanding
of metabolic syndrome pathogenesis. In this study, we evaluated age at menarche for risk of metabolic syndrome and
associations with its components. As a result, the risk of MetS incidence was significantly increased only at <12 years of age at
menarche (OR=1.91, P <0.05). Women with early menarche (<12 years) had significantly higher levels of triglycerides (8
coefficient = 37.83, P = 0.02). In addition, hypertriglyceridemia was significantly increased at early menarche with 1.99 (95% CI:
1.16-3.41, P < 0.01). With GWAS-based pathway analysis, we found the type 2 diabetes mellitus, stress-activated protein kinase
signaling, and Jun amino-terminal kinase cascade pathways (all nominal P < 0.001, all FDR <0.05) to be significantly involved
with early menarche on triglyceride levels. These findings may help us understand the role of early menarche on triglyceride and

interaction between gene and early menarche on triglyceride for the development of metabolic syndrome.

1. Introduction

Menarche, defined as the first menstrual period in a woman’s
life, is a marker of female puberty and the onset of ovarian
and other endocrine functions related to reproductive capac-
ity. Age of menarche has declined over the last several
decades through improvement of socioeconomic conditions
or exposure to environmental chemicals and received a great
deal of attention as having important health implications [1].
Age at menarche (AAM) can be a risk factor for disease, and
there were several studies on the interaction between AAM
and genetic factors especially for breast cancer susceptibility
[2-4]. Early menarche is often defined as menarche before
the age of 12 years (<11 years old), but some investigators
base definition on menarche at <12 years [5]. A number of
studies have reported associations between early menarche
onset and intermediate quantitative traits such as increased
blood glucose levels [6], impaired glucose tolerance [7], and
insulin resistance [8], further supporting a link between early
pubertal development and an adverse metabolic profile.

Others have reported adverse metabolic consequences (e.g.,
diabetes) arising from early sexual maturation [9, 10]. One
possible mechanism for this association is a direct link
between puberty timing and glucose regulation, supported
by the insulin-sensitizing agent metformin delay of menar-
che in girls with precocious puberty [11]. It is conceivable
that part of the association between menarche onset and type
2 diabetes risk is explained by increased adiposity [9, 10].
However, these data are not consistent, and the relationship
between AAM and metabolic components remains poorly
understood. Metabolic syndrome (MetS) is considered a
worldwide epidemic. In general, the International Diabetes
Federation estimates that one-quarter of the world’s adult
population has MetS [12]. Higher socioeconomic status, sed-
entary lifestyle, and high body mass index (BMI) significantly
associate with MetS. Data from the National Health and
Nutrition Examination Survey (NHANES, 1999-2006)
reported that nearly 34% of all U.S. adults, and 50% of those
aged 60 years or older, were estimated to have MetS [12]. The
prevalence of MetS in Korea has also been steadily increasing
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in recent years, from 24.9%, in 1998, to 31.3%, in 2007;
this prevalence is relatively high compared to those of
other Asian countries [13]. MetS is characterized by the
clustering of five pathological traits, including large waist
circumference, hypertriglyceridemia, low-density lipopro-
tein (LDL) cholesterol level, hypertension, and hyperglyce-
mia. However, mechanisms and differences, correlated
with the relative risk of susceptibility to MetS, remain
poorly characterized.

To date, genome-wide association studies (GWAS) have
identified several susceptibility regions and genes for MetS
and its component phenotypes [14, 15]. Since the first report
from a GWA study of obesity, an increasing number of
genetic factors have been shown to associate with several
traits of obesity and MetS. Despite the success of recent
GWAS, the identified variants explain only a small propor-
tion of the heritability of most complex diseases [16]. Herita-
bility estimates of MetS range from approximately 10 to 30%
[17] among individuals; therefore, implicated genes may
interact synergistically with environmental factors, in the
pathogenesis of MetS.

Here, we investigated the role of AAM on MetS compo-
nents for MetS risk. Specifically, we examined the association
between AAM and levels of individual component of MetS
such as triglyceride (TG). Furthermore, we evaluated
GWAS-identified genetic variants for interaction effects with
MetS components using a pathway-based analysis and char-
acterized the role of AAM in the pathogenesis of MetS.

2. Methods

2.1. Study Design and Participants. This study, an ongoing
prospective investigation, is a population-based cohort
included in the Korean Genome and Epidemiology Study
(KoGES) [18]. Originally, 5018 woman participants, aged
40 to 69 vyears, were recruited from the Korean rural
(Ansung) and urban (Ansan) communities at baseline, as
part of the Korean Association Resource Project (KARE).
From 2007 to 2008, the samples were scrutinized for quality
control purposes, and 3493 participants remained. We
excluded those with reported AAM of <10 years (n=3) or
>19 years (n=272) or missing (n=41), probably due to
recall error or the presence of a comorbid pathological condi-
tion. Finally, information was available from 3180 women for
the study of AAM.

These cohorts included a standardized health interview,
using well-established questions, to determine the demo-
graphic and socioeconomic characteristics of all subjects,
including menstruation history. AAM was defined as the
age of the first menstrual period. Women reported their
AAM in single years and were classified for this study as hav-
ing an AAM of <12, 13, 14, 15, 16, or >17 years [19]. Com-
prehensive health examinations, including evaluation of
anthropometric indexes, measurement of blood pressure,
questionnaire-based interviews, and collection of biospeci-
mens for assays (e.g., C-reactive protein), were conducted
biennially by health professionals who were trained with a
standardized protocol. Women who smoked regularly during
the previous 12 months were classified as current smokers.
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Levels of physical activity were semiquantitatively assessed
using a questionnaire previously validated against objective
methods [20] and were coded as inactive, moderately inac-
tive, moderately active, and active. Educational attainment
was categorized into three groups: less than 7 years (elemen-
tary school graduates), 7-9 years (middle school graduates),
and more than 10 years (high school graduates). Monthly
household income was also categorized into three groups:
less than $1000 USD (in 2014), $1000-2000, and >$2000
[21]. In addition, we performed the additional analysis for
oxidative stress-related exposure with OBS score and inflam-
matory marker with C-reactive protein (CRP) at each AAM
[22, 23]. Written informed consent was obtained from all
participants at the KoGES. This study was approved by the
Institutional Review Board of Seoul National University.

2.2. Definition of the Metabolic Syndrome and Its Components.
We used the definition of MetS proposed by the criteria of
the National Cholesterol Education Program Adult Treat-
ment Panel ITT (NCEP-ATP III) guidelines [24]. As detailed
in our study, participants having three or more of the follow-
ing criteria were defined as having MetS, except for the
determination of central obesity. Waist circumference
cut-oft values were used based on guidelines from the
Korean Society for the Study of Obesity [25]: (1) central obe-
sity, given as waist high circumference (>85cm); (2) high
concentration of serum triglycerides (=150 mg/dl); (3) low
concentrations of serum HDL cholesterol (<50 mg/dl); (4)
hypertension (systolic/diastolic pressure >130/85 mmHg)
or antihypertensive medication; and (5) high concentrations
of fasting glucose (>100 mg/dl) or antidiabetic medication.

2.3. Genotyping. The data used for GWAS was obtained from
KoGES, which was conducted by the Korean National Insti-
tute of Health. DNA samples were isolated from the periph-
eral blood of all participants and genotyped, using the
Affymetrix Genome-Wide Human SNP array 5.0 (Affyme-
trix Inc., Rockville, MD, USA). Quality control procedures
were adopted, such as missing genotype frequency >0.5%
and minor allele frequency (MAF) <0.05. After sample and
genotype quality controls, 344,396 SNPs for 3180 individuals
were available in the KARE database [26, 27]. The KARE data
used to support the findings of this study are restricted by the
Institutional Review Board of the Korean National Institute
of Health, who can contact at National Biobank of Korea
(http://koreabiobank.re.kr, 82-1661-9070).

2.4. Statistical Analysis. For demographics and characteristics
of subjects, data were presented as means and standard devi-
ations for continuous variables, or a percentage (%), for
categorical variables (Table 1). Differences among subjects
in different groups were detected using the Kruskal-Wallis
test, for continuous variables, and the chi-square test, for
categorical variables.

At first, logistic regression analyses were performed to
determine the odds ratios (ORs) of MetS (Figure 1), and its
five components, depending on each year of menarche, with
16 years of age as a reference group (Figure 2). Logistic regres-
sion models were adjusted for age, area, income, education,
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TaBLE 1: Characteristics of study subjects.

Age at menarche (years
<12 13 # 14 (lYS ) 16 >17 Al P

Women, 7 (%) 77 (2.4) 269 (8.5) 531 (16.6) 669 (21.1) 689 (21.7) 945 (29.8) 3180

Age at enrolment (years) 51.25+6.92 52.58+7.74 53.33+847 5492+8.80 56.94+8.82 59.18+849 56.07+8.88 <0.001

Area, n (%)

Rural (Ansung) 26 (34) 83 (31) 199 (37) 339 (51) 412 (60) 640 (68) 1699 <0.001
Urban (Ansan) 51 (66) 186 (69) 332 (63) 330 (49) 277 (40) 305 (32) 1481

BMI (kg/mz) 25.55+3.37 24.62+342 24.78+3.07 24.72+3.20 24.86+3.16 24.89+3.12 24.80+3.16 0.848

Current smokers, 1 (%) 0(0) 3 (1.1) 9(1.7) 11 (1.6) 9(1.3) 27 (2.9) 59 (1.8) 0.177

Alcohol consumption (g/1) 3.52+11.18 1.51+536 1.49+528 140+6.85 141+6.16 1.28+496 144+596 0.068

Age at menopause 48.26+3.83 47.52+5.61 47.60+4.62 47.87+540 47.83+5.11 47.90+524 47.82+5.16 0.718

OBS score 934+241 9394243 953+256 9.19+247 885+253 8914250 9.10+£2.51 0.698

CRP (mg/dl) 1.04+1.34 1.22+1.10 133+1.24 135+1.23 140+1.27 153+144 141+1.30 0.07

Education, n (%) <0.001
Less than elementary school 7 (9.1) 20 (7.4) 55 (10.4) 95 (14.2) 138 (20.1) 225 (23.8) 540 (17)

Middle school graduate 24(312) 111 (41.3)  185(35) 305 (45.6) 384 (558) 575(60.8) 1584 (50)
High school and above 46 (59.7) 138 (51.3) 289 (54.6) 269 (40.2) 166 (24.1) 141 (24.5) 1049 (33)

Income, n (%) <0.001
<100° 16 (20.8) 61 (22.7) 138 (26.4) 243 (36.6) 305 (44.8) 502 (53.1) 1265 (40.2)
100-200 23(29.9) 59 (21.9) 112(21.5) 144 (21.7) 156 (22.9) 220 (23.3) 714 (22.7)
>200 38 (49.4) 149 (55.4) 272(52.1) 277 (417) 220 (32.3) 214 (22.6) 1170 (37.1)

Values are expressed as means + SDs (standard deviations) or number (%). BMI: body mass index; OBS: oxidative balance score; CRP: C-reactive protein; a0t
KRW: equivalent with 1000 US dollar in 2014. °P value was examined by the Kruskal-Wallis test or chi-square test.

QOdds ratio (95% CI)
[\S)

0 L T T T T T T
<=12 13 14 15 16 >=17
Age at menarche (years)
Incident (N,%) (21,28) (46,8) (105,17) (171,21) (205,22) (300,30)
OR (95% CI) 1.91 0.91 0.96 0.98 1.0 0.86

(1.03-3.55)  (0.60-1.37)

(0.70-1.31) (0.75-1.29) (0.77-1.29) (0.68-1.09)

F1GURE I: Risk of MetS in each age of menarche. Odds ratio (OR) and 95% confidence interval (CI) of Mets by each age at menarche. N is the
number of incidence in each age of menarche; % is the percent of incidence in each age of menarche. The size of rectangle represents the
number of samples. The vertical line indicates the overall OR on each age of menarche. ORs were adjusted for area, age, income,
education, and C-reactive protein levels. The reference category was menarche at 16 years of age.

and CRP levels. Next, we evaluated beta coeflicients for
each year of menarche, using linear regression analyses
for individual components of MetS, with 16 years of age
as a reference group (Table 2). This reference group was
chosen because it covers the median of AAM (median
age=16.0) [28].

To test the interactions between SNPs and AAM, we per-
formed interaction tests for identifying genetic variants asso-
ciated with MetS and its characteristic components. In
addition, we performed the joint test of the main and

interaction effects with one degree of freedom (df). We then
used the following equation:

Yi(orlogitpi) =/30+ﬁ1Ei+/3mainGi+ﬁintGEi’ (1)

where Y; is the MetS component for individual i and p, =P,
(Y;=1) of MetS for a binary trait. We then used the Wald test
statistic to report the results of the joint (P}, test, with two

dfs and the gene-risk factor (P,,,) with one df, referring to their
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Age at menarche (years)
Incident (N,%)  (27,35) (5721)  (131,25)  (17526)  (19829)  (271,29)
OR (95% CI) 1.99 0.83 0.96 0.98 1.0 0.89
(1.16-3.41) (0.58-1.19) (0.73-1.26) (0.76-1.26) (0.79-1.28) (0.71-1.11)

FI1GURE 2: Risk of hypertriglyceridemia in each age at menarche. Odds ratio (OR) and 95% confidence interval (CI) of hypertriglyceridemia by
each age at menarche. N is the number of incidence in each age of menarche; % is the percent of incidence in each age of menarche. The size of
rectangle represents the number of samples. The vertical line indicates the overall OR on each age of menarche. ORs were adjusted for area,
age, income, education, and C-reactive protein levels. The reference category was menarche at 16 years of age.

respective null hypotheses of the joint effects (B, ... =0 and
Bine =0) and of the interaction effect (B, , = 0), respectively.

The critical P values for accessing the significance of
interaction were calculated by Bonferroni correction
(P<1.45%x1077) or the false discovery rate (FDR), with a
q value less than 0.05. Quantile-quantile (QQ) plots of the
P values for the joint test and interaction analysis suggested
a moderate inflation of the genome-wide analysis only for
TG. The inflation factors were 1.32 and 1.24 for interaction
and joint effects, respectively, for TG in KARE dataset
(Supplemental Figure S2). There were no genomic inflations
for other components (A < 1.05). Therefore, for genomic con-
trols of TG, the inverse normal transformed TG was used as a
response, adjusting for age, area, income, education, and
CRP levels for KARE. All analyses were performed using
the R software version 2.11.1 (http://www.r-project.org/).
Data management, descriptive statistics for the covariates
and outcome variates, and the regression analyses were con-
ducted using the Stats R package.

2.5. Pathway-Based Analysis. Pathway-based approaches
using GWAS data are now used routinely to study complex
diseases [29]. To analyze pathways interacting AAM with
TG genetic polymorphism, we used the improved gene set
enrichment analysis (GSEA) [29]. This approach has the
advantage that genetic variant associations, mapping to any
genes, provide insight into biological functions, signal path-
ways, and mechanisms of disease.

In our study, 344,396 SNPs were mapped to genes within
20 kb boundaries. Pathways consisting of <20 or >200 genes
were excluded from further analysis, to reduce the multiple
testing issue and avoid testing overly narrow or broad func-
tional categories [22, 27]. A false discovery rate (FDR) was
used for multiple testing correction, with g values < 0.05 con-
sidered significant. Improved GSEA approaches use a com-
prehensive pathway and gene set database from SNP data.
Pathway-related information is obtained from the KEGG
(Kyoto Encyclopedia of Genes and Genomes pathway data-
base), BioCarta, and GO (gene ontology) databases [27].

3. Results

3.1. Characteristics of Participants. A total of 3180 women
(mean age: 56.07 years; SD: 8.88 years) were included in this
study. Demographic characteristics of the women are pre-
sented in Table 1, which shows the baseline characteristics
of the study population stratified by AAM. The mean age of
menarche was 15.83 (SD of 1.89) years. Because of the small
group numbers for each subject having earlier ages of menar-
che, we combined subjects aged 11 and 12 years of menarche.
At baseline, women with earlier menarche were slightly
younger, had higher BMI and higher alcohol consumption,
and more frequently lived in urban areas (Table 1). The indi-
viduals with early menarche were more likely higher edu-
cated and had higher monthly incomes. However, we
observed no association of OBS scores as an oxidative
stress-related exposure and CRP levels as an inflammation
marker with AAM. All women with early menarche had
never regularly smoked.

3.2. Risks of Metabolic Syndrome and Its Association with
Triglyceride by Age at Menarche. Figure 1 shows the ORs
of MetS by each year of AAM (from 12 to 17 years). Com-
pared with the reference group (age at 16 years), the risk of
incident MetS was significantly increased only at <12 years
of AAM with 191 (95% CI, 1.03-3.55, P <0.05), after
adjustment for area, age, income, education, and CRP levels.
We also investigated ORs between AAM and five individual
components of MetS. Only hypertriglyceridemia was signif-
icantly increased at <12 years of AAM with 1.99 (95% CI,
1.16-3.41, P <0.01, Figure 2). However, other phenotypes
did not significantly associate with AAM (Supplemental
Figure S1).

We then examined the association between AAM and
each component of MetS, separately. Linear regression
analysis (Table 2) showed that women with earlier AAM
had higher waist circumference and TG, compared with
those with average AAM, after adjusting for the same
covariates (P < 0.05). The corresponding regression coeffi-
cients of waist circumference and TG were 3.54 (95%
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TaBLE 3: Discovery GWAS top hits for joint and 1df interaction of gene age at menarche on triglyceride.
SNP ID Nearest gene Chr Ref/var Position MAF Pj(:l:jt of 1nteract10;1im
rs6589566 ZPRI 11 A/C 116,781,707 0.22 2.92x107"2 0.15
rs10503669 LPL 8 A/C 19,990,179 0.12 3.87x107° 0.03
rs603446 ZPR1 11 C/T 116,783,719 0.23 4.82x107° 0.67
rs17482753 LPL G/T 19,975,135 0.13 1.40x 1078 0.02
rs17410962 LPL AIG 19,990,569 0.13 1.48x107° 0.02
rs11216186 SIK3 11 C/T 116,913,976 0.13 241x107° 0.03
rs17120157 SIK3 11 C/T 116,941,912 0.13 6.43x107° 0.03
rs10892068 SIK3 11 C/T 117,057,830 0.13 7.34x107° 0.03
rs17120293 SIK3 11 C/T 117,074,130 0.13 7.44%107° 0.03
rs12292858 SIK3 11 A/C 116,943,263 0.18 9.76 x107® 0.09
rs2044426 SIK3 11 C/T 116,885,467 0.10 1.52x 1077 0.02
rs6073350 JPH2 20 A/T 44,145,104 0.04 1.61x 1077 7.14
rs12279433 SIK3 11 G/T 116,877,505 0.10 1.69 %1077 0.02
rs1501675 ARHGEF28 A/C 73,695,382 0.02 1.77 x 1077 6.12x10°8
rs1014492 SCG2 2 A/G 223,633,665 0.10 223x107 449x107*
rs11216315 PCSK7 11 C/G 117,209,924 0.13 2.94x 1077 0.04
rs11216126 BUDI13 11 A/C 116,746,524 0.20 3.60x 1077 0.12
rs7513082 LOC10537172 (UBQLN4) 1 A/C 156,031,555 0.02 4.01x1077 5.82x107°
rs13046 TTT4 1 A/C 54,742,081 0.01 6.18x1077 1.83x107°
rs16875865 LOC107986425 (LHFPL2) 5 AIG 78,746,592 0.01 6.40x 1077 4.60x 1077

CI=1.53-5.55, P=0.01) and 37.83 (95% CI=16.00-59.66,
P=0.02), respectively. From these results (Figure 2 and
Table 2), early menarche (12 years and before) is associ-
ated with increased risk of MetS, and this association
appeared to be mediated mainly by increased TG of MetS.

3.3. Interaction between Genotypes and Age at Menarche on
Triglyceride. As we considered that AAM was a modulator
for the development of MetS, we conducted the joint anal-
ysis of the main SNP effect and its interaction effect with
AAM interaction on MetS, and its individual traits, for all
352,228 SNPs. A list of SNPs associated with AAM-TG
interactions, at P<7x 107/, by joint test, is provided in
Table 3. The strongest statistical evidence for SNP x AAM
joint interaction was an SNP of rs6589566, located on the
chromosome 11, in zinc finger protein 1 (ZPR1)
(P=9.54x10"7). We found that main genetic effects of SNPs
located chromosomes 11 and 8 were the primary contribu-
tors to these joint associations. Specifically, we identified
SNP rs1501675, located within an intronic region of ARH-
GEF28, as the most significant SNP, with P=6.12x 1078
for AAM-to-TG. Other interesting SNPs were located near
(£2kb) or within the loci LOC10537172, SCG2, TTT4, and
LOC107986425 (all nominal P values <5x 107%).

Based on these findings, we tested pathway level-based
interaction between AAM and genetic variation, according
to SNPs with significant P values for enriched biological
processes, in TG. When mapping SNPs were limited to
20kb regions flanking a gene, three pathways, type 2 dia-
betes mellitus, stress-activated protein kinase (SAPK)
signaling pathway, and Jun amino-terminal kinases (JNK)

cascade, were significantly enriched, with association sig-
nals and FDR<0.05 (Table 4).

4. Discussion

In this study, we observed that early menarche (at or before
12 years of age) was associated with high prevalences of
MetS; however, later AAM showed no significant association.
In particular, this trend appeared to be mediated by increased
TG, with earliest menarche ages associated with increased
TG, in our study population. A number of studies have
previously investigated the association between menarcheal
age and MetS with elevated blood glucose or BMI or TG
[30-32]. Recently, two studies have examined the association
between AAM and risk of MetS in the Korean population.
One study, of 1464 Korean women, showed that the rela-
tive risk of MetS was 3.84 (96% CI: 1.52-9.70) for menar-
che at age <12 years in premenopausal women (from the
KNHANES database) from 2007 to 2009, along with
higher blood pressure [33]. Won et al. also recently reported
that 12,336 participants with early menarche (age < 12 years)
were at increased risk of MetS (OR=1.35, 95% CI: 1.03-
2.12), with higher prevalence of hypertension and diabetes
in KNHANES from 2010 to 2013 [19].

Puberty is the transition to adulthood that culminates in
the production of mature gametes and the initiation of
reproductive activity. The process begins within the central
nervous system, where gonadotropin-releasing hormone
(GnRH) neurons are activated to release the neurohormone,
stimulating pituitary gonadotropic hormone secretions that
in turn direct gonadal steroid hormone production.
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TaBLE 4: Pathway-based analysis of interaction between early menarche and genetic variation for triglyceride in Korean women.
Pathways Description FDR Significant Selected All genes
genes genes
Type 2 diabetes mellitus KEGG type 2 diabetes mellitus 0.016 17 33 44
Stress-activated protein
kinase signaling pathway Stress-activated protein kinase (SAPK) cascade 0.019 14 38 49
(GO: 0031098)
A cascade of protein kinase activities, culminating in
JNK cascade the phosphorylation and activation of a member of 0.021 14 37 47

(GO: 0007254)
kinases

the JUN kinase subfamily of stress-activated protein

Therefore, a younger AAM is associated with higher
cumulative exposure to ovarian hormones [34]. Estrogen
increases TG by promoting synthesis of TG in the liver
and secreting TG into the circulation as very-low-density
lipoprotein (VLDL) particles [35]. TG levels correlatively
increase during pregnancy with estrogen-induced stimu-
lated secretion of hepatic TG-rich lipoprotein [36]. How-
ever, the etiology of MetS, with regard to its association
with TG, has yet to be unraveled completely with consid-
eration of AAM.

Several studies have also demonstrated the importance of
environmental triggers (including endogenous and exoge-
nous exposure to hormone) in the development of chronic
disease. Therefore, assay of gene-environmental interactions
helps to understand the etiology of disease. Although several
GWA studies have investigated AAM and breast cancer risk
[4, 37], few GWA studies have focused on AAM and MetS
with its components. Therefore, we conducted pathway anal-
ysis for investigating interaction of genetic variants and TG
using GSEA. We found that T2 diabetes mellitus, stress-
activated protein kinase, and JNK cascade pathways were
associated with AAM on TG levels.

During puberty, there are proinflammatory and prooxi-
dative changes and relative insulin resistance, which also
play a role in the development of T2D [38, 39]. Early puberty
may be causally related to lower insulin sensitivity and
inflammatory changes [40]. Reductions of insulin sensitivity
and compensatory hyperinsulinemia are physiological dur-
ing puberty, and this partly reflects the effects of increased
growth hormone and IGF-1. Recent study reported that
GnRH signaling may regulate T2D using pathway enrich-
ment analysis [41]. However, it was reported that obesity
drives metabolic risk in the prepubertal population rather
than premature adrenarche [42]. More detailed mechanisms
of the synergistic effects of early menarche and TG require
further investigation.

SAPK/JNK are members of the MAPK family and are
activated by a variety of environmental stresses, inflamma-
tory cytokines, and growth factors. GnRH can activate the
JNK/SAPK, p38, and ERK5 cascades in different cell
models with varying kinetics [43]. In addition, JNKs may
be a central mediator of impaired glucose metabolism and
insulin resistance [44]. JNKs are also activated in obesity
in numerous metabolically important cells and tissues such
as adipose tissue, macrophages, the liver, skeletal muscle,
and regions of the brain and pituitary. Recent studies have

clearly established the important roles JNK signaling fulfils
in macrophages, the liver, and cells of the anterior pituitary.
Macrophage TG accumulation upregulates PON2 expres-
sion via the MEK/JNK/c-Jun pathway, and these effects
could be related, at least in part, to cellular TG-induced
ROS formation [45]. Collectively, these studies place JNKs
as important mediator of disruptions to metabolic homeo-
stasis. In addition, 2-methoxyestradio activated SAPK/JNK
in endothelial cells in a concentration-dependent manner
[46]. Although several studies shed light on the associations
of stress-related pathway and TG, assessing interaction of
AAM is still challenging.

Our study provides some interesting results on the inter-
play between AAM and the genome for TG; however, some
limitations need to be considered. One of them is the rela-
tively small sample size of women with early menarche,
which may provide a lack of statistical power, limiting the
magnitude of interaction effects. In addition, another weak-
ness could be the cross-sectional design of the study, with
self-reported medical histories and recalled AAM. Even
though AAM can be recalled by women with moderate accu-
racy, the use of self-reported menarcheal age may lead to
some degree of recall bias [47], and recall can be influenced
by the individual’s current health condition [48]. Since TG
might be associated with other chronic diseases such as car-
diovascular disease or hyperlipidemia [49], we tried to
investigate the association between TG and other chronic
diseases such as hyperlipidemia and coronary artery disease
(CAD) in the study participants. Based on self-reported
data to chronic diseases, we could not investigate the asso-
ciation between TG and other chronic diseases such as
hyperlipidemia and CAD due to this small sample size lack
of information. Considering confounding factors on TG, we
could not investigate the effect of lipid-lowering drug and
estrogen use on TG due to the small size. Due to lack of
relevant information, the confounding factors mentioned
above are excluded from our analysis, which may limit
the strength of our findings.

This is a first attempt of a genome-wide gene-AAM
interaction study on MetS components in Korean women.
We identified that type 2 diabetes mellitus, the SAPK sig-
naling pathway, and JNK cascade were associated with TG
including the genetic interaction with AAM. These find-
ings may help us understand the role of AAM on the
development of MetS and gene-environment interactions
that confer MetS susceptibility.
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