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Abstract

Purpose of Review—Menopause marks the end of a woman’s reproductive lifetime. On
average, natural menopause occurs at 51 years of age. However, some women report an earlier age
of menopause than the national average. This can be problematic for women who delay starting a
family. Moreover, early onset of menopause is associated with increased risk of cardiovascular
disease, depression, osteoporosis, and premature death. This review investigates associations
between exposure to endocrine-disrupting chemicals (EDCs) and earlier onset of menopause.

Recent Findings—Recent data suggest exposure to certain EDCs may accelerate reproductive
aging and contribute to earlier onset of menopause.

Summary—Human and rodent-based studies identify positive associations between exposure to
certain EDCs/environmental contaminants and reproductive aging, earlier onset of menopause, and
occurrence of vasomotor symptoms. These findings increase our understanding of the detrimental
effects of EDCs on female reproduction and will help development of strategies for the treatment/
prevention of EDC-induced reproductive aging.

Keywords
Endocrine-disrupting chemicals; Menopause; Ovary

Introduction

The menopause transition is a natural, progressive decline in fertility and is marked by

the depletion of ovarian follicles over a woman’s reproductive lifetime [1]. The ovarian
follicle is the functional unit of the ovary and is composed of an oocyte surrounded by theca
and granulosa cells [2]. With each ovarian cycle, immature ovarian follicles (primordial
follicles) will undergo maturation to antral then pre-ovulatory follicles to produce and
release a fertilizable oocyte [2]. Additionally, the theca and granulosa cells work in a
concerted manner to produce steroid hormones such as estrogen and progesterone that
support reproductive health and pregnancy [2].
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At birth, the human ovary contains 1-2 million primordial follicles [1]. This population of
primordial follicles is the ovarian reserve and represents the finite pool of follicles available
to a woman in her lifetime [3]. This number drops to approximately 400,000 primordial
follicles at menarche [1]. By the onset of menopause, the ovarian reserve declines to fewer
than 1000 primordial follicles [1]. This progressive decline in the ovarian reserve over a
woman’s lifetime is due to follicles being recruited for ovulation (less than 1%) or being lost
due to death via atresia (about 99%) [3].

In addition to a decline in the ovarian reserve, the menopause transition is associated

with hormonal changes. In a normally cycling, premenopausal woman, ovarian hormone
production is tightly regulated. Follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) from the anterior pituitary act on the ovarian follicle to promote the production

of ovarian estrogen and progesterone [2]. These hormones enter circulation and act on
target tissues, including the anterior pituitary to negatively regulate the release of LH and
FSH [2]. During the menopause transition, the decline in follicles results in a decline in

the production of ovarian estrogens and progestogens [4]. Additionally, the production of
ovarian peptide hormones inhibin B, a hormone that suppresses FSH production, and anti-
Mullerian hormone (AMH), a hormone that regulates follicle maturation, is also reduced
during menopause [5]. Together, these changes in ovarian hormones and subsequent loss of
ovarian feedback on the anterior pituitary result in elevated LH and FSH levels [4].

Fluctuating hormone levels during the menopausal transition contribute to the onset of
vasomotor symptoms, the most common of which are hot flashes [6, 7]. Hot flashes

are transient sensations of heat spreading over the upper body and face, accompanied by
flushing of the skin and perspiration [7]. Although the duration of hot flashes is relatively
short (1-5 min), their occurrence can be disruptive to a woman’s productivity and well-being
[7]. Some women benefit from menopausal hormone therapy for the treatment of vasomotor
symptoms [8].

Although the timing of the menopausal transition can vary by individual, the mean age at
natural menopause is 51 years [9]. Recent evidence suggests that exposure to environmental
endocrine-disrupting chemicals (EDC) is associated with early onset of menopause. This

is problematic because it shortens a woman’s reproductive lifespan and accelerates the
onset of vasomotor symptoms associated with menopause. In addition, early menopause is
associated with increased risk of cardiovascular disease, depression, osteoporosis, and early
death [10-14]. EDCs are chemicals that can interfere with the body’s ability to produce and
respond to hormones. This review will address how select EDCs (per- and polyfluoroalkyl
substances, cigarette smoke, polychlorinated biphenyls and dioxins, phthalates, bisphenols,
and pesticides) affect reproductive aging and onset of menopause in human populations and
also describe the potential mechanisms elucidated using rodent studies.

Per- and Polyfluoroalkyl Substances

Per- and polyfluoroalkyl substances (PFAS) are in consumer goods such as carpet, leather
and apparel, textiles, paper and packaging, coatings, rubber, and plastics. People are
exposed to PFAS through contaminated soil, drinking water, food packaging, and air
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contamination [15]. The National Health and Nutrition Examination Survey (NHANES)
study conducted by the Centers for Disease Control and Prevention in the USA provides the
most comprehensive description of serum PFAS in the adult population across the country
from 1999 to the present. Of the twelve PFAS investigated in NHANES, perfluorooctanoic
acid (PFOA), perfluorooctane sulfonate (PFOS), perfluorohexanesulfonate (PFHxS), and
perfluorononanoic acid (PFNA) were detectable in a high percentage of the participants
[16]. Because of phase-out programs such as the PFOA Stewardship Program, some PFAS
are no longer manufactured in the USA; however, they are still present in the environment
due to their persistence and they are produced internationally [17].

The majority of studies that have investigated the associations between PFAS exposure and
menopause indicated a positive association between PFAS exposure and early menopause.
The C8 Health Project (C8HP) analyzed the risk of menopause in a West Virginia population
exposed to PFOA from the Du-Pont Washington Works Plant [18, 19]. PFOA levels in the
population exceeded those in NHANES by 500%, whereas the PFOS levels did not differ
markedly from those found in NHANES [16]. Odds of menopause for women with elevated
PFOA levels were statistically significantly higher in the second through fifth quintiles
relative to women in the first quintile in women of childbearing age as well as women

of postmenopausal age (Table 1), without a linear dose relationship [18]. PFOA exposure
was not associated with risk of menopause among the perimenopausal group. In both the
perimenopausal and eldest women (Table 1), higher odds ratios for menopause in PFOS
groups showed an increasing linear relationship. Analyses of estradiol levels revealed no
statistically significant association with PFOA. In contrast, increasing PFOS sera levels were
inversely associated with estradiol concentrations in the perimenopausal (o < 0.0001) and
menopausal (p= 0.007) age groups [18].

A study reporting both PFAS levels and menopause status using data collected in 1999-2010
from the NHANES study consistently indicated that women with higher levels of PFAS had
earlier menopause compared to women with lower PFAS levels [20]. Proportional hazard
models, indicating hazard ratios (HRs) for the onset of natural menopause as a function of
age and serum PFAS levels, showed higher HRs for all PFAS investigated, PFOA, PFOS,
PFNA, and PFHXS. The association between PFOA, PFNA, and PFHXS and menopause
was linear in nature (Table 1). Moreover, the study reported that the levels of all four PFAS
increased with each additional year since natural menopause [20]. These increased levels
may be a consequence of the cessation of lactation and menstruation, as both have recently
been shown to be modes of PFAS excretion [21, 22].

The Study of Women’s Health Across the Nation (SWAN) Multipollutant Study provides
convincing data on the association between PFAS exposure and menopause [23]. Women
completed interviews annually to record their final menstrual period (FMP), which is a more
precise way to obtain time of menopause onset than a one-time cross-sectional interview
[24]. PFOA and PFOS were associated with earlier age of FMP when statistical models were
adjusted for race/ethnicity, study site, education, parity, body mass index (BMI) at baseline,
physical activity, smoking status, and prior hormone use at baseline [23]. Elevated levels of
both n-PFOS and the sum of branched isomers of PFOS (Sm-PFOS) were associated with
earlier median time to natural menopause, with a linear dose relationship (Table 1). Elevated
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levels of PFOA, but not PFNA or PFHXS, were also associated with earlier menopause.
However, when analyses were completed by racial group, White women with higher PFOA
and PFNA levels had earlier natural menopause, whereas Black women and Asian women
with higher PFOA and PFNA sera levels did not have early menopause. In contrast, a
longitudinal analysis of age at menopause in women from Ohio that were exposed to high
levels of PFOA did not show an association between PFOA and age of menopause for
either retrospective or prospective analysis [25]. Collectively, these data suggest that PFAS
exposure may be associated with earlier age at menopause, but further research is needed to
strengthen this observation.

Polychlorinated Biphenyls and Dioxins

Polychlorinated biphenyls (PCBs) are synthetic, chlorinated, organic chemicals that were
widely produced for hundreds of industrial and commercial applications including electrical
and hydraulic equipment, thermal insulation materials, and plasticizers in paints and plastics
as well as dyes and pigments [26]. As a result, many items in use and in landfills contain
PCBs. In 1979, the production of PCBs was banned by the Environmental Production
Agency (EPA) under the Toxic Substances Control Act because PCBs caused birth defects
and cancer in laboratory animals and were suspected of causing cancer and adverse skin and
liver effects in humans [27, 28].

Although current production of PCBs is prohibited, PCBs persist in the environment today
because they are stable and do not readily breakdown in the environment. Some PCBs
have half-lives of over 20 years [29], and are still found in soil and air, resulting in
bioaccumulation in terrestrial and aquatic food chains [30¢]. Foods such as fish, meat, and
dairy are sources of human PCB exposure. In addition to dietary intake, PCB exposure can
occur by inhalation, dermal contact, and ingestion of dust and soil [29].

Some clinical studies have investigated the association between PCBs and reproductive
aging. One study reported higher serum concentrations of dioxin-like PCBs (DL-PCBS) in
women presenting with primary ovarian insufficiency (POI), a gynecologic disease that is
characterized by early menopause before the age of 40, compared to women without POI
[31]. A dose-response relationship was observed between the sum of DL-PCBs and the

risk of POI (Table 2) [31]. In a cross-sectional survey using NHANES data (1999-2008),
Grindler et al. found that women with elevated urine or serum levels of polychlorinated
biphenyl congeners — 70, — 99, - 105, — 118, — 138, — 153, — 156, — 170, and — 183

had mean ages of menopause that were 1.9 to 3.8 years earlier than women with lower
levels of these congeners [32]. Secondary analysis of the same PCBs examined in women
45-55 years of age indicated that women with high PCBs were between 1.28 and 6.59 times
more likely to be menopausal, depending on the specific congener for each log increase in
PCB level, indicating a dose—response relationship between higher PCB levels and earlier
menopause [32]. In contrast, other studies have not found an association between PCB
exposure and age at menopause (Table 2) [33-35]. However, the participants in these studies
cover a much wider span of age than the 45-55 year age group used in Grindler et al. (Table
2).
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Coplanar PCBs are classified as dioxin-like chemicals. Dioxins are a related group of
synthetic, organic chemicals produced as unwanted products of manufacturing processes.
Although the EPA regulates the production of dioxins, these chemicals persist in our
environment. Like non-dioxin PCBs, the association between dioxins and early menopause
is not entirely clear. A clinical study using data from the Seveso Women’s Health Study
(SWHS) examined the levels of 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) in relation
to age at menopause in an Italian population exposed to TCDD in a chemical plant
explosion in 1976. A tenfold increase in serum TCDD levels measured shortly after the
chemical plant explosion was associated with a 6% statistically non-significant increase in
the risk of early menopause [36]. In contrast, in the Grindler et al. study, 1,2,3,4,6,7,8-hepta-
chlorodibenzofuran, the only dioxin analyzed to pass the level of detection, did not have an
association with age at menopause [32].

Because menopause is associated with shifts in FSH and LH, investigators have examined
the levels of these hormones in association with PCB and dioxin levels. Using NHANES
data (1999-2002), Lambertino et al. found that in postmenopausal women, a doubling

of mono-ortho PCB levels was inversely and statistically significantly associated with a
decrease in LH levels, and a doubling of anti-estrogenic PCBs was associated with a
decrease in LH levels [37]. Borderline statistically significant, inverse relationships were
found between DL-PCBs and LH levels as well as estrogenic PCBs and LH levels [37].
FSH serum levels, however, were not associated with PCB levels [37]. Regarding dioxins,
a doubling of dioxin-like toxic equivalents (combined effects of polychlorinated dibenzo-p-
dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and PCBs) was associated with a
decrease in LH levels of 11.9%, but no associations with FSH levels were found [37].

Based on the current studies, the relationship between PCB/dioxin exposure and early
menopause is unclear. The conflicting observations made from these studies may be due to
the varying age spans of participants included in each study. Further research is needed to
better understand the effects of PCBs/dioxin on menopause.

Many pesticides that are used agriculturally and in the home are known EDCs [38, 39].
Humans are exposed to these chemicals through food, water, soil, and air, with the highest
exposures among those working in agriculture [40]. The most well-studied pesticide is
2,2-bis(pchlorophenyl)-1,1,1-trichloroethane (DDT). In response to the Green Revolution of
the 1960s and evidence of health risks associated with DDT, the US government banned the
use of DDT in 1972. In the Fourth National Report on Human Exposure to Environmental
Chemicals, the Centers for Disease Control and Prevention reported that of 1956 participants
in NHANES (2003-2004), a small percentage had detectable serum p,p’-DDT, the major
isomer of DDT [41]. However, the majority of the sample population had detectable levels
of 1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene (0,0’-DDE), a metabolite of p,o’-DDT.

Cooper et al. completed a study investigating the association of DDE with menopause in
a cohort recruited for the Carolina Breast Cancer Study. After concluding similar findings
for women with breast cancer (cases) and women without breast cancer (controls), data
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from all women were combined for analyses. Elevated DDE levels were statistically non-
significantly associated with earlier menopause [34].

In another study, a number of organochlorine pesticides were assessed to determine
associations with age at menopause in a Hispanic population. Women with elevated levels
of p,p’-DDT were at risk of earlier menopause by an average of 5.7 years [42]. Women in
the fifth quintile of p,p’-DDE also had earlier menopause than women in the first quintile,
although with borderline statistical significance (Table 3). Women with elevated levels of
B-hexachlorocyclohexane (p-HCH), had menopause an average of 3.4 years earlier than
women with low levels of B-HCH [42]. Further, women with serum trans-nonachlor equal
to or above 2.00 ppb had an earlier menopause by an average of 5.2 years compared to
women with low levels of trans-nonachlor [42]. Women with elevated levels of dieldrin,
hexachlorobenzene (HCB), or oxychlordane did not have differences in age of menopause
compared to women in lower level reference groups (Table 3).

The use of a large number of pesticides was investigated in relation to age of menopause

in over 50,000 farmers in the Agriculture Health Study (AHS). Either applicators or their
spouses completed the Female and Family Health Questionnaire and self-reported age at last
menstrual period as well as use (yes/no) of pesticides [43]. When considering all pesticides
analyzed, women with pesticide use experienced menopause at a later age than those who
had never used pesticides (Table 3). Women who used hormonally active pesticides had later
menopause than those who had never used pesticides [43]. Additionally, users of atrazine
had later menopause than never users [43]. Women that used carbaryl, carbon tetrachloride,
p,p’-DDT, lindane, or mancozeb/maneb did not have a different age of menopause when
compared to nonusers [43]. It is interesting that the AHS found an association between
pesticide exposure and later age at menopause [43], whereas other studies found an
association between pesticide exposure and earlier menopause [32, 42]. Differences in study
outcome could be due to self-reported pesticide use in the AHS compared to blood measures
of pesticides in other studies.

NHANES data (1999-2008) were analyzed for associations between pesticide exposure and
age of menopause [32]. Women with elevated levels of mirex, B-HCH, and p,p’-DDE had
earlier menopause than women with low levels of mirex, B-HCH, and p,p’-DDE (Table 3).
Secondary analyses of women aged 45-55 years indicated that women with elevated levels
of mirex were 3 times more likely to be menopausal compared to women with lower levels
of mirex [32]. Elevated levels of B-HCH or p,p’-DDE did not increase the odds of altered
age of menopause onset in the 45-55 age group. Further, HCB, heptachlor epoxide, dieldrin,
and endrin exposure were not associated with age at menopause [32].

A case—control study in a Chinese female population found that women with elevated levels
of p,p’-DDT had a 1.54 increased risk of POl compared to women with low levels of

o0 -DDT [31]. Elevated levels of heptachlor were associated with a 1.27 increase in risk of
developing POI compared to women with low levels, with borderline statistical significance.
Elevated sera p,p’-DDE, as well as elevated levels of B-HCH, y-HCH, and HCB, did not
increase the odds of POI compared to low levels of p,p"-DDE, B-HCH, y-HCH, and HCB
[31].
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Overall, these studies show that select pesticides, such as B-HCH and p,p’-DDE, are
associated with earlier onset menopause, while many others are not. This differential
effect could be due to the differing chemical properties and mechanisms of action of each
pesticide.

Phthalates

Phthalates are a class of chemicals used as plasticizers in products containing polyvinyl
chloride plastics, such as food containers and medical tubing, and as excipients in personal
care products [2]. Several studies suggest an association between phthalate exposure and
reproductive aging. In an analysis of menopausal women from NHANES (1999-2008),
women with the highest 10% of concentration of di (2-ethylhexyl)phthalate (DEHP)
metabolites in their urine experienced earlier menopause by 3.17-3.8 years [32]. Similarly,
two studies found associations between urinary monobutyl phthalate and monoisobutyl
phthalate and POI (Table 4) [44, 45].

Additionally, phthalates are associated with changes in hormone levels consistent with the
menopause transition. In postmenopausal women from NHANES (2013-2016), urinary
metabolites of DEHP and its replacements 1,2-cyclohexane dicarboxylic acid di-isononyl
ester (DINCH) and (2-ethylhexyl)terephthalate (DEHTP) were associated with decreased
levels of steroid hormones (Table 4) [46].

Several studies have identified a positive association between phthalate exposure and
symptoms of menopause. The Midlife Women’s Health Study (MWHS) was a prospective
longitudinal cohort study of pre- and perimenopausal women aged 45 to 54 that was
conducted from 2006 to 2015 to assess risk factors for hot flashes during the menopause
transition [47]. Phthalate metabolites were measured in urine samples from the first year of
the study and have been associated with increased frequency of hot flashes, altered hormone
levels, sleep disruptions, and 1-year BMI change (Table 4) [48e, 49-52]. Collectively, these
epidemiology studies suggest a link between phthalate exposure, ovarian disruption, and
menopause symptoms in midlife women.

Rodent studies, many focusing on DEHP exposure, provide additional evidence of phthalate-
induced reproductive aging (Table 4). In adult mice orally exposed to DEHP for 10 days,
estrous cyclicity and inhibin B levels were disrupted, and follicle numbers were decreased at
9 months post dosing [53]. In a follow-up study of DEHP and diisononyl phthalate (DiNP)
with the same experimental design, cyclicity was disrupted at 12 and 15 months post dosing,
with more time spent in estrus, a marker of reproductive aging [54]. Moreover, the numbers
of primordial and primary follicles were decreased, suggesting accelerated folliculogenesis
[54]. In addition, both DEHP and DiNP exposure at the lowest dose tested, 20 ug/kg/day,
decreased fertility at 12 months. In mice prenatally exposed to moderate to high doses of
mono(2-ethylhexyl)phthalate (MEHP), a primary metabolite of DEHP, exposure resulted in
premature reproductive senescence including prolonged estrus and altered hormone levels
[55]. In a study of late-life transgenerational effects of prenatal exposure to DEHP, mice in
the F1, F2, and F3 generations had altered hormone levels and follicle numbers at 1 year of
age [56]. Mice in the F1 generations had increased ovarian cysts, a marker of reproductive
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aging. Overall, these studies of late-life effects of phthalates on female mice suggest that
phthalates may be accelerating reproductive aging. Additional evidence is provided by
studies of the reproductive effects of phthalate exposure in younger adult rodents, which
display similar disruptions including accelerated folliculogenesis, altered hormone levels,
and disrupted cyclicity [57-59]. Further studies on additional phthalates in aging animals
should be performed to assess whether the effects observed for DEHP are representative of
all phthalates.

Collectively, these studies indicate positive associations between phthalate exposure,
reproductive aging, and menopause. Moreover, there is strong evidence to support that
phthalate exposure can exacerbate vasomotor symptoms associated with menopause and
reduce a woman’s quality of life.

Bisphenol A

Bisphenol A (BPA) is a plasticizing chemical used in food packaging, thermal receipt
papers, and dental cements [60]. It is well-established that BPA is an endocrine-disrupting
chemical that can have devastating effects on female fertility [61]. Despite this, relatively
little is known about potential associations between BPA and occurrence of early-onset
menopause. Cao et al. reported elevated levels of BPA measured in the follicular fluid of
women diagnosed with diminished ovarian reserve (DOR) compared to women without
DOR (Table 5) [62]. In the DOR patients, BPA concentration was negatively correlated
with follicular fluid levels of estradiol and AMH [62]. Souter et al., using data from the
Environment and Reproductive Health Study, reported no association between urinary BPA
levels and incidence of premature ovarian insufficiency or changes in FSH levels, but did
observe a negative association between BPA and antral follicle counts in women undergoing
infertility treatments, suggesting BPA may contribute to accelerated follicle loss (Table 5)
[63]. In rodents, adult exposure to BPA altered estrous cyclicity, increasing the time spent in
diestrus [62]. Additionally, BPA decreased serum estradiol and AMH levels, consistent with
the hormone profiles of women with DOR expressing detectable levels of BPA in follicular
fluid (Table 5) [62]. Although the association between BPA and early menopause is unclear,
BPA exposure has been shown to promote oxidative stress and inflammation, both of which
are hallmarks of reproductive aging [64]. More work is needed to identify a clearer link
between BPA, as well as BPA-replacement chemicals such as BPS and BPF, and menopause
and underlying mechanisms of action.

Cigarette Smoke

In the USA, 12% of adult women and 8% of adolescent girls identify as smokers

[65]. Smoking is immensely detrimental to one’s health and can contribute to a

number of diseases, including cancer, chronic obstructive pulmonary disease, and heart
disease [66]. Cigarette smoke represents a complex mixture of chemicals. When burned,
cigarettes release smoke that contains approximately 7000 chemical compounds, including
aldehydes, aromatic amines, aromatic hydrocarbons, phenols, and heavy metals [67-69].
While not every chemical component in cigarette smoke is an endocrine disruptor,
cigarette smoke as a whole can have profound effects on endocrine function. Cigarette
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smoke can have deleterious effects on fertility by interfering with ovarian follicular
development, maintenance of pregnancy, and assisted reproductive technology outcomes
[70]. Furthermore, it is well-documented that cigarette consumption is linked to early-
onset menopause in various populations of women worldwide (Table 6) [71-78]. Other
studies report evidence of diminished ovarian reserve, a contributing factor to onset of
menopause, in women who smoke (Table 6) [79, 80]. Being a current smoker can increase
the risk of early menopause by as much as 43-50% [81-83]. Epidemiological studies
report that menopausal symptoms occurred approximately 1-2 years earlier in current
smokers compared to hon-smokers [71, 73, 78, 81]. The association between smoking and
menopause may differ by race, as Fleming et al. using data collected through NHANES
(1988-1994), reported that smokers of color had greater odds for earlier age of menopause
(12 times increased in Black participants and 6 times increased in Hispanic participants,
compared to race matched non-smokers) compared to White participants (2 times increased
compared to race matched non-smokers) (Table 6) [73].

Cessation of smoking 10 + years prior to menopause can decrease the risk and occurrence
of early-onset menopause [71, 72, 76, 83]. A 2011 follow-up to the 1989 Nurses’ Health
Study 11 reported that the risk of early menopause is similar in women who quit smoking by
the age of 25 and whose cigarette consumption was less than 1 pack per day to women who
never smoked (Table 6) [83]. These observations are encouraging for younger smokers and
serve as further motivation to quit smoking to preserve reproductive health.

It is less clear whether passive smoking or exposure to second-hand smoke can accelerate
the onset of menopause. Some studies report no association between passive smoke
exposure among non-smokers and earlier onset of menopause compared to unexposed non-
smokers [71, 72, 77]. Other studies report second-hand smoke can decrease the mean age of
menopause onset by approximately 1 year in non-smokers [78, 84].

In addition to direct effects on the smoker, evidence suggests that smoking during pregnancy
may affect age of menopause in female offspring. Analysis conducted using maternal data
collected from the New England Collaborative Perinatal Project and the California Child
Health and Developmental Study birth cohorts and offspring data from the follow-up Early
Determinants of Mammographic Density Study showed that daughters exposed in utero to
cigarette smoke reached menopause earlier than those without exposure [77]. Moreover,
odds of early menopause were further increased in women who were current smokers and
exposed in utero compared to unexposed non-smokers (Table 6) [77]. In contrast, Honorato
et al., in an 18-year follow-up to the Avon Longitudinal Study of Parents and Children
cohort, found no association between in utero smoke exposure and earlier age at onset of
menopause [85¢]. However, when stratified by smoking status, current smokers who were
exposed in utero showed a greater hazard ratio relative to unexposed non-smokers [85¢]. It is
important to note that in both studies, maternal smoking during pregnancy was self-reported.
It is possible that these studies may be subject to social desirability bias, with smoking
during pregnancy being under-reported due to societal taboos. In light of this, in utero
cigarette smoke exposure may have a more profound effect on menopause than these studies
indicate.
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Changes in both pituitary and ovarian hormones are part of the etiology of menopause.
Current smoking is associated with elevated levels of FSH (up to 23% greater than
non-smokers) (Table 6) [86, 87]. However, increased FSH levels were not detected in
former smokers compared to non-smokers [86]. This observation is consistent with studies
documenting decreased risk of early menopause in former smokers versus current smokers
[71, 72, 76, 83]. Another study reported lower levels of serum estradiol in current

smokers compared to non-smokers [87]. Additionally, others have reported decreased serum
concentrations of AMH and inhibin B, indicative of ovarian aging, in smokers compared

to non-smokers (Table 6) [80, 88]. These smoking-induced changes in hormone levels are
consistent with studies documenting early-onset menopause in current smokers [71, 72, 74—
78].

Cigarette smoking is linked to vasomotor symptoms of menopause. Several epidemiological
studies have shown positive associations between past and current smoking and the
incidence and duration of hot flashes (Table 6) [47, 89-91]. Moreover, smoking is
positively correlated with the severity of hot flashes, with increasing severity reported

with increasing cigarette consumption per day [89]. Additionally, passive smokers report
greater incidence and severity of hot flashes compared to unexposed non-smokers [89].
Interestingly, while hormone levels of current smokers differ from non-smokers, including
increased androstendione and a decreased ratio of total androgens/total estrogens, this
change in hormone profile does not appear to mediate the associations between smoking
and the occurrence of hot flashes [90]. Smith et al. found that women who quit smoking
more than 5 years prior to menopause had lower odds, severity, and frequency of hot flashes
than current smokers, suggesting that quitting smoking may ease the menopausal transition
[92].

The mechanisms by which cigarette smoking is associated with early onset of menopause
and exacerbate vasomotor symptoms are unclear. Using data and biological samples
collected from participants in the Penn Ovarian Aging study, Butts et al. found that
individuals expressing a single-nucleotide polymorphism (SNP) for cytochrome P450 (CYP)
enzymes CYP3A4*1Bor CYP1B1*3had a greater risk of early menopause compared

to individuals carrying wild-type alleles, and this risk was greatly increased in smokers
carrying these SNPs compared to non-smoking carriers (Table 6) [93]. Interestingly, these
CYP enzymes are involved in estrogen metabolism, and these SNPs/variants possess greater
enzymatic activity than wild-type variants [93]. It is possible that excessive activation of
these enzymes could further reduce already declining estrogen levels, contributing to the
imbalance of pituitary and ovarian hormones and the vasomotor symptoms characteristic

of menopause. In addition, rodent studies have provided valuable insight into how

cigarette smoke can affect the ovarian reserve. Multiple studies have demonstrated that
cigarette smoke or its constituent benzo[a]pyrene (BaP) induces oxidative stress and lipid
peroxidation, reduces ovarian expression of antioxidant enzymes, and leads to DNA damage
and follicle loss [94-97]. Cigarette smoke also induces autophagy in the granulosa cells of
exposed ovaries, leading to destruction of the follicle [94, 98]. Further research is critical to
fully understand the role and mechanisms of cigarette smoking in early-onset menopause.

Curr Environ Health Rep. Author manuscript; available in PMC 2022 April 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neff et al.

Page 11

Together, these studies show strong links between cigarette smoking and earlier age of
menopause and severity of vasomotor symptoms. Additionally, both second-hand and in
utero smoke exposure can hasten the onset of menopause. Because cigarette smoke is a
complex mixture, it is unclear what constituent chemical(s) are contributing to this effect.
Further research is needed to identify these chemicals and explore their mechanisms of
action.

Conclusion

Funding

It is well-established that environmental contaminants, including PFAS, cigarette smoke,
PCBs, phthalates, bisphenols, and pesticides, can have endocrine-disrupting actions, making
them a concern for public health [99, 100]. Exposure to these chemicals can be particularly
problematic for women because many of the chemicals have been shown to be reproductive
toxicants. The studies reviewed here suggest that these chemicals also can accelerate
reproductive aging and lead to an earlier age at onset of menopause. Earlier onset

of menopause shortens a woman’s reproductive lifespan, limiting her ability to have
children, and hastens the onset of intrusive menopause symptoms, such as hot flashes

[101]. Furthermore, early menopause is associated with increased risk of cardiovascular
disease, depression, osteoporosis, and early death [10-14]. In light of this, it is important

to understand how these chemicals can affect reproductive health. By increasing our
understanding of how EDCs impact menopause, we may be able to better develop strategies
to prevent or treat EDC-induced early menopause.

This work was supported by National Institutes of Health grants T32 ES007326, R01 ES030206, RO1 ES028661,
and K99 ES031150.
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