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ABSTRACT OF THE DISSERTATION

Identification of Systemic Biomarkers in Serum, Urine, and Deoxyribonucleic Acid as Indictors
for Environmental Exposures and the Development of Metabolic Outcomes Among Women in

the United States

Yan Song
Doctor of Philosophy in Epidemiology
University of California, Los Angeles, 2014
Professor Simin Liu, Co-Chair

Professor Roger Detels, Co-Chair

Type 2 diabetes (T2D) is a metabolic disorder that is characterized by high blood glucose
in the context of insulin resistance and -cell dysfunction. Excessive body weight is associated
with an increased risk of T2D and other major chronic diseases including cardiovascular disease
and certain cancers. The current work focuses on the identification of systemic biomarkers in
various biological samples, including serum, urine, and DNA, as indicators for environmental
risk factors and the development of T2D and obesity in different human populations.

Environmental endocrine-disrupting chemicals (EDCs) have been shown to affect the
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biosynthesis, secretion, transport, binding action, and metabolism of endogenous sex hormones,
and were suggested to be associated with increased risk of developing T2D and obesity. In
Chapter 1, we conducted a meta-analysis study to comprehensively assess the role of EDCs in
affecting risk of T2D and related metabolic traits. We found that both persistent (including
dioxin, polychlorinated biphenyls, and chlorinated pesticides) and non-persistent EDCs
(including bisphenol A and phthalates) may affect the risk of developing T2D. To evaluate
urinary concentrations of BPA and major phthalate metabolites in relation to prospective weight
change, we conducted a prospective analysis in the Nurses’ Health Study (NHS) and NHSII in
Chapter 2. Our data suggest urinary concentrations of BPA and certain individual phthalate
metabolites were associated with modestly greater weight gain in a dose-response fashion. These
data are consistent with a potential role of BPA and phthalates in weight gain, although more
prospective data are needed to corroborate these observations.

In previous studies, T2D was associated with biomarkers on different molecular
pathways. Earlier prospective studies have shown that low birth weight (LBW), an indicator of
intrauterine growth restriction, was predictive of higher risk of T2D in adulthood, but the
pathways that lead LBW individuals to the onset of T2D are still unclear. In Chapter 3, we
assessed the effect of LBW on T2D risk that is explained by potential mediators on different
biological pathways using mediation modeling in a case-control study of T2D in the Women’s
Health Initiative (WHI). We found that the effect of LBW on T2D risk seems mainly mediated
by insulin resistance, which is further explained by circulating levels of sex hormone-binding
globulin (SHBG), E-selectin, and systolic blood pressure. These prospective data provide
quantifiable mechanistic evidence linking LBW to increased risk of T2D whilst presenting risk

stratification and intervention in a population at greater risk of developing T2D later in life.
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The process of biological aging involves in the pathogenesis process of metabolic
disorders including T2D and obesity. It is also necessary to examine the potential predictors and
determinants of biological aging. Despite the consistent observations that women outlive men,
the mechanisms underlying the relation between sex and longevity have not been fully
elucidated. In Chapter 4, we examined the associations of circulating estradiol and testosterone
with leukocyte TL in WHI. We found that serum concentration of estradiol was not associated
with leukocyte TL in this large sample of postmenopausal women. Total and free testosterone
levels were inversely associated with TL in Asian/Pacific Islander women but not in black and
Hispanic women. Future studies to replicate our observations are warranted to address potential

ethnicity-specific relations.
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BACKGROUND

In an aging population, the characteristics of metabolism change, and the risks of
developing various metabolic disorders also shift'. Type 2 diabetes (T2D) is characterized by
high blood glucose in the context of insulin resistance and B-cell dysfunction, and is a major
cause of heart disease, stroke, kidney failure, nontraumatic lower-limb amputation, and blindness
among adults in the US®. Excessive body weight is associated with an increased risk of T2D and
other major chronic diseases including cardiovascular disease and certain cancers’. A recent
policy statement from the American Medical Association has officially recognized obesity as a
separate disease, not simply a risk factor of other chronic diseases. The epidemic of obesity-
diabetes (“diabesity”) has become a major challenge in public health, and intensive scientific
research on the etiology and predictor of diabesity is warranted’. The current work focuses on the
identification of systemic biomarkers in various biological samples, including serum, urine, and
DNA, as indicators for environmental risk factors and the development of T2D and obesity in
different human populations.

Previous work has shown that endogenous sex hormones play critical roles in the
development of T2D”®. Endocrine disrupting chemicals (EDCs) are highly heterogeneous and
include many man-made industrial solvents and certain byproducts from their production process,
which can be broadly categorized into persistent EDCs [e.g. dioxins and polychlorinated
biphenyls (PCBs)] and non-persistent EDCs [e.g. bisphenol A (BPA) and phthalates]. Most of
the persistent EDCs have been banned decades ago, but they still can be detected in human
biological samples due to their long biologic half-lives. In contrast, although non-persistent
EDCs such as BPA and phthalates are rapidly degraded in the human body, their exposure is

prevalent and continuous due to their widespread use in everyday products, leading to ubiquitous



detection of these chemicals in human blood and urine’. Recent work has identified diverse
physiological effects attributable to even low doses of exposure to these chemicals, and human
studies began to link different EDCs to glucose and insulin metabolisms and the pathogenesis of
T2D and obesity'''. Although previous studies have examined the association between EDC
exposures and risks of T2D and obesity, the results and conclusions are inconsistent, especially
for the non-persistent EDCs. In Chapter 1, we conducted a systematic review and meta-analysis
of all available cross-sectional and prospective studies relating different EDCs with risk of T2D
and related metabolic traits, expanding the spectrum of EDCs from the most classic EDCs,
dioxins, PCBs, and chlorinated pesticides, to the recently accepted non-persistent EDCs,
including BPA and phthalates. In Chapter 2, we evaluated urinary concentrations of BPA and
major phthalate metabolites in relation to prospective weight change in two cohorts of female
nurses in the US.

In previous studies, T2D was associated with biomarkers on different molecular
pathways, including insulin resistance'>'?, leptin, cellular aging'’, inflammation'®, endothelial

20-23 Data from

dysfunction'"'®, blood pressure'’, and sex hormones and their binding proteins
such studies of biomarkers can be utilized to investigate potential biological pathways of
previously established risk factors of T2D whose mechanisms are still not clear. Earlier
prospective studies have shown that low birth weight (LBW), an indicator of intrauterine growth
restriction, was predictive of higher risk of T2D in adulthood**. Impairments in “fetal
programming”, as reflected by LBW, promote adverse effects on physiology, metabolism, and
hormonal function during critical phases of fetal development™. However, the pathways that lead

LBW individuals to the onset of T2D are still unclear. An improved understanding of the

mechanisms through which LBW may influence T2D risk may improve clinical risk



stratification and intervention of the disease. In Chapter 3, we assessed the effect of LBW on
T2D risk that is explained by potential mediators on different biological pathways using
mediation modeling.

The process of biological aging involves in the pathogenesis process of metabolic disorders
including T2D and obesity. It is also necessary to examine the potential predictors and
determinants of biological aging. Telomeres are highly conserved regions of repetitive nucleotide
sequences (TTAGGQG) that protect the ends of chromosomes. Telomere length (TL) decreases
over time due to cell division, and may serve as a biomarker for the biological aging process and
some age-related complex diseases”®. Despite the consistent observations that women outlive
men, the mechanisms underlying the relation between sex and longevity have not been fully
elucidated. Although many theories have been proposed to explain this sex divergence, including
oxidative damage and chromosomal complement®’, the role of sex steroids remained untested,
especially relating sex hormone concentrations to TL as a marker of biological aging. In Chapter
4, we examined the associations of circulating estradiol and testosterone with leukocyte TL in a
multiethnic female population from a nationwide observational cohort in the US to further

elucidate the potential roles of sex hormones in biological aging.



CHAPTER 1. Endocrine-Disrupting Chemicals, Risk of Type 2 Diabetes,
and Diabetes-Related Metabolic Traits: A Systematic Review and Meta-

analysis

1.1 Abstract

OBJECTIVE: Elevated blood or urinary concentrations of endocrine-disrupting chemicals
(EDCs) may be related to increased type 2 diabetes (T2D) risk. We conducted this study to
comprehensively assess the role of EDCs in affecting risk of T2D and related metabolic traits.
DESIGN: Systematic review and meta-analysis.

DATA SOURCES: Searches of MEDLINE, EMBASE, and hand search for articles published
before March 15, 2013.

STUDY SELECTION CRITERIA: Both cross-sectional and prospective studies of the
association between EDCs [including dioxin, polychlorinated biphenyl (PCB), chlorinated
pesticide, bisphenol A (BPA), phthalates] and T2D and related metabolic traits. Three
investigators independently extracted information on study design, participant characteristics,
EDC types and concentrations, and association measures.

RESULTS: We included 39 cross-sectional and seven prospective studies, comprising 51,687
participants from ethnically diverse populations. Serum concentrations of dioxins, PCBs, and
chlorinated pesticides were significantly associated with T2D risk; comparing the highest to the
lowest concentration category, the pooled relative risks were 1.91 (95% CI, 1.44 to 2.54) for
dioxins, 2.39 (95% CI, 1.86 to 3.08) for total PCBs, and 2.30 (95% CI, 1.81 to 2.93) for
chlorinated pesticides. Urinary concentrations of BPA and phthalates were significantly

associated with T2D risk; comparing the highest to the lowest concentration categories, the



pooled relative risks were 1.49 (95% CI, 1.24 to 1.78) for BPA and 1.64 (95% CI, 1.03 to 2.59)
for phthalates. Further, EDC concentrations were associated with indicators of impaired fasting
glucose and insulin resistance.

CONCLUSIONS: EDCs (both persistent and non-persistent) may affect the risk of developing
T2D. There is an urgent need for further investigation of EDCs, especially non-persistent ones,

and T2D risk in large prospective studies.



1.2 Introduction

Type 2 diabetes (T2D) is a major cause of heart disease, stroke, kidney failure,
nontraumatic lower-limb amputation, and new cases of blindness among adults in the United
States”. Increasing evidence has shown that endogenous sex hormones and sex hormone-binding
globulin (SHBG) play critical roles in the development of T2D”®. Environmental endocrine-
disrupting chemicals (EDCs) have been shown to affect the biosynthesis, secretion, transport,
binding action, and metabolism of endogenous hormones including sex steroid hormones and
their binding protein®®. Although earlier research of EDC exposures mainly focused on the toxic
effects on reproductive and developmental parameters®®, recent work has identified diverse
physiological effects attributable to even low doses of exposure. In the 1990s, human studies
began to link different EDCs to glucose and insulin metabolisms and the pathogenesis of T2D'’.

EDC:s are highly heterogeneous and include numerous man-made industrial solvents and
certain byproducts from their production process [e.g. polychlorinated biphenyls (PCBs) and
dioxins (polychlorinated dibenzo-p-dioxins/dibenzofurans, PCDD/F)], plastic-associated
compounds [e.g. bisphenol A (BPA) and phthalates], chlorinated pesticides [e.g.
dichlorodiphenyldichloroethylene (DDE), dichlorodiphenyltrichloroethane (DDT), oxychlordane,
and mirex], and certain pharmaceutical agents (e.g. diethylstilbestrol). EDCs can be broadly
classified into two main categoties: persistent EDCs (e.g. dioxins and PCBs) and non-persistent
EDCs. Although dioxins and PCBs have been banned since the 1970s, they still can be detected
in humans, wildlife, and marine animals to date because of their long biologic half-lives. In
contrast, “non-persistent” EDCs such as BPA and phthalates are rapidly degraded in the human
body. Despite their short biologic half-lives, BPA and phthalates exposure is prevalent and

continuous due to their widespread use in everyday products, leading to consistent detection of



these EDCs in human blood and urine’.

Although previous studies have examined the association between EDC expousures and
T2D risks, the results and conclusions are inconsistent, especially for the non-persistent EDCs. A
recent narrative review summarized human, animal, and mechmistic studies of the association
between different types of environmental factors, including certein EDCs, and risk of diabetes®’.
Wu and colleagues reported significant associations of total PCBs, and one of the chlorinated
pesticides, hexachlorobenzene (HCB), with risk of diabetes in a recent meta-analysis™.
Nonetheless, studies that provide systematic and quantitative summary regarding the association
between a broader range of EDCs and T2D risk are still lacking. To comprehensively assess the
relations between EDCs and risk of T2D, we conducted a systematic review and meta-analysis of
all available cross-sectional and prospective studies relating different EDCs with risk of T2D and
related metabolic traits (including fasting blood glucose and insulin, postprandial blood glucose
and insulin, and insulin resistance), expanding the spectrum of EDCs from the most classic
EDC:s, dioxins, PCBs, and chlorinated pesticides, to the recently accepted non-persistent EDCs,

including BPA and phthalates.

1.3 Methods

1.3.1 Data sources and searches

This review followed a predefined protocol and was registered at
http://www.crd.york.ac.uk/PROSPERO as CRD42013003930. We conducted a comprehensive
search of MEDLINE and EMBASE for cross-sectional and prospective studies examining the
association of EDCs in relation to T2D. We included the EDCs that have been listed in the

Endocrine Society Scientific Statement™ and have population studies available. Specificall , We
y pop p y



used the keywords endocrine disruptor, dioxin, polychlorinated biphenyl, polybrominated
biphenyl, pesticide, bisphenol A, phthalate, diabetes, glucose, insulin, and insulin resistance (see
Appendix for exact search strategy). We restricted the publishing time to before March 15, 2013.
We did not make restrictions on language of the articles. We also did a hand search from the

references of retrieved articles.

1.3.2 Study selection

Screening of retrieved articles was conducted in parallel by two investigators
independently. In the first round of screening (n=6551), 6443 articles were excluded for at least
one of the following reasons: nonhuman studies (1579 articles, including chemistry, animal, cell
line, and isolated tissue studies), reviews /editorials /guidelines /letters /comments (93 articles),
and studies with irrelevant exposures or outcomes (4771 articles) (Figure 1.1). In the second
round of screening of the full texts retrieved (n=108), 62 articles were excluded for at least one
of the following reasons: updated data available from other studies for the same population (e.g.
multiples studies using the same NHANES population) or duplicate publications (21 articles), no
variance data (four articles), no proper association measures for synthesis (17 articles), no
serum/urine measurements of EDCs (nine articles), mortality studies (eight articles), and studies
in children (three article). Our search strategy and inclusion/exclusion criteria resulted in a total

of 46 articles being included in the current meta-analysis.

1.3.3 Data extraction and quality assessment

Using a standardized data extraction form, three independent investigators extracted and
tabulated all data. Discrepancies were resolved via referencing the original article and via group
discussions. Information extracted included lead author, journal, publication year, country or

region, population, sex, average age, average BMI, study design, sample size, length of follow-



up (if prospective), diagnostic criteria of T2D, number of T2D cases, EDC concentrations,
relative risks (RR) of T2D comparing various levels of EDCs, mean and standard deviation (SD,
derived if needed) of diabetes-related metabolic traits comparing various levels of EDCs, ranges
of highest and lowest concentration categories, and covariates adjusted (if any) in the statistical

models.

1.3.4 Data synthesis and analysis

The primary summary measure of association was the RRs of T2D comparing the highest
to the lowest categories of serum or urinary EDC concentrations. For the studies using pg/mL (or
pg/g wet weight) as the unit for lipophilic EDCs, we approximated the lipid-standardized
concentration (ng/g lipid) by dividing by a constant of 6.33 (which is based on an average of
6.33 mg of total lipid per 1 mL of blood as shown by Silverstone et al.>"). For the studies that did
not provide RRs for total dioxins, PCBs, chlorinated pesticides, and phthalates but reported RRs
for individual PCDD/F or PCB congeners, pesticides, or phthalate metabolites, we used the
average of In(RR) and the average of standard errors (SE) of In(RR) to calculate the combined
RR estimates for each individual study, under the assumption that there is a common effect size
among these individual components. The US Environmental Protection Agency (EPA) has
categorized 12 PCB congeners as “dioxin-like” because their toxicity and structural features are
similar to 2,3,7,8-tetrachlorobenzo-p-dioxin (TCDD)”. In our analysis for PCBs, we also
examined the specific associations of these dioxin-like PCBs with T2D. For RRs reported from
multiple regression models, we used estimates from the models with the most covariates adjusted.
Reported RRs in each study were pooled using DerSimonian and Laird random-effects models™.
P values for sex and race differences were calculated using two-sample z tests. For PCB153 and

DDE, which are the most frequently studied individual PCB congener and chlorinated pesticide,



as well as BPA, we estimated dose-response association using a two-stage generalized least-
squares trend estimation (GLST)>* that calculates study-specific slopes first and then pools the
slopes using a random-effects model. For sensitivity analyses, we excluded studies with a broad
exposure range in the reference group and studies using another population as the reference
group, because these studies may miss the potential effect at low-dose levels. For diabetes-
related metabolic traits, studies reported the association between EDC concentrations and the
continuous traits in different forms: means and SEs in different categories, mean difference
between categories, RR after categorization of the continuous traits, correlation coefficients, and
regression coefficients. We transformed all other indicators of association into mean difference
between the highest and lowest EDC concentration categories™. Mean difference from each
individual study was pooled via random-effects models™ to obtain the overall weighted mean
difference (WMD). To identify and quantify between-study heterogeneity, we calculated P
values for Cochran’s Q, the ratio of true heterogeneity to total variance I (%), and variance of
true effect size 7°. The I estimates of 25, 50, and 75 indicated low, medium, and high
heterogeneity, respectively. To assess the presence of publication bias, we used both the Egger’s
test and the funnel plots where In(RR)s were plotted against their corresponding SEs. We also
used cumulative meta-analysis with studies sorted in the sequence from most precise to least
precise as well as the trim-and-fill method™® to assess the impact of studies with less precision on
the RR estimates and to estimate and adjust for the numbers and outcomes of missing studies.
All analyses were conducted using STATA 12.1 (StataCorp, College Station, TX), P<0.05 was
considered statistically significant (P<0.10 was considered statistically significant for tests for

heterogeneity and Egger’s test for publication bias).
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1.4 Results
The descriptive characteristics of participants included in cross-sectional and prospective

studies are presented in Table 1.1, and the biologic half-lives of some EDCs are listed in Table

1.2.

1.4.1 Dioxins

The body of literature concerning dioxins included 12,546 participants from 11 cross-
sectional studies. Seven studies had diabetes as an outcome of interest and seven studies included
diabetes-related metabolic traits (Figure 1.2). Medians of serum dioxin concentrations [as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) toxic equivalent] ranged from 4.0 to 20.5 pg/g lipid.
Serum concentrations of dioxins (including different PCDD/F congeners) were significantly
associated with higher T2D risk. Participants in the highest dioxin concentration categories
(TCDD >2.0 to >5.2 pg/g lipid) had a 91% higher risk of T2D (RR=1.91; 95% CI, 1.44 to 2.54)
than those in the lowest categories (TCDD <1.0 to <2.8 pg/g lipid). No significant between-study
heterogeneity was detected (P for Cochran’s 0=0.77; I’=0), nor was there any significant
publication bias (Egger’s P=0.12). For a sensitivity analysis, we excluded two studies with broad
exposure range in reference group -, and the RR did not change materially (RR=1.86; 95% CI,
1.35 to 2.57). In the analysis of metabolic traits (Table 1.4), dioxin concentrations were
associated with higher fasting glucose (WMD=3.96 mg/dL; 95% CI, 1.23 to 6.70 mg/dL;
comparing the highest concentration categories to the lowest) and higher 2-h post-challenge
glucose (WMD=4.09 mg/dL; 95% CI, 0.78 to 7.40 mg/dL; comparing the highest concentration
categories to the lowest). Association with 2-h post-challenge insulin was only available in one
study; the mean difference was 229 plU/mL (95% CI, 70 to 388 plU/mL), comparing the highest

concentration categories to the lowest.
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1.4.2 Polychlorinated biphenyls (PCBs)

The body of PCB studies included 21,703 participants from 20 cross-sectional populations
and 4681 from seven prospective cohorts (with follow-up periods of 5 to 25 years). There were
22 studies that had T2D as an outcome and six studied diabetes-related metabolic traits. Medians
of serum PCB concentrations (as PCB153) ranged from 82.8 to 807.5 ng/g lipid. In both cross-
sectional and prospective studies, serum PCB concentrations (including different PCB
congeners) were significantly associated with higher risk of T2D. The pooled RR of T2D
comparing highest (PCB153 >104 to >1,348 ng/g lipid) and lowest (PCB153 <60 to <455 ng/g
lipid) categories of PCB concentration was 2.39 (95% CI, 1.86 to 3.08, Figure 1.3A). There were
some significant between-study heterogeneities among studies of PCBs with T2D (P for
Cochran’s 0=0.018; I’=43.4). Subgroup analyses were further conducted to assess the potential
sources of these heterogeneities (Table 1.3), which indicated differences by sex and race (P=0.08
and 0.032). In particular, comparing the highest concentration categories to the lowest, the RR in
women (2.65; 95% CI, 1.57 to 4.48) was significantly greater than that in men (1.73; 95% CI,
0.80 to 3.75). The effect size in whites (RR=1.94; 95% CI, 1.43 to 2.62) was also significantly
lower than that in non-whites (RR=2.91; 95% CI, 1.60 to 5.30), comparing the highest to the
lowest concentration categories. The effect size of cross-sectional studies was significantly
higher than the effect size from prospective studies (P<0.001). Association in prospective studies
with <10 y follow-up did not differ significantly from association in those with longer follow-up
time. Dose-response analysis of PCB153 showed an RR of 1.18 per 100 ng/g lipid increase (95%
CI, 1.07 to 1.30). Although no publication bias for the studies of PCBs was detected (P from
Egger’s test = 0.51), for a sensitivity analysis, we used the trim-and-fill method and calculated a

corrected RR of 2.33 (95% CI, 1.81 to 3.00), comparing the highest to the lowest concentration
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categories (Figure 1.4). The cumulative forest plot also indicated that the estimates remained
stable when several small studies with less precision were excluded (Figure 1.5). For another
sensitivity analysis, we excluded three studies with broad exposure range’>* and one study
using different population as reference group®', and the RR did not change materially (RR=2.30;
95% CI, 1.75 to 3.02). For metabolic traits (Table 1.4), PCB concentrations were associated with
higher fasting glucose (WMD=3.27 mg/dL; 95% CI, 1.87 to 4.67 mg/dL; comparing the highest
concentration categories to the lowest).

Besides the studies of PCBs, we also have identified three studies of PBBs — a group of

structurally similar chemicals, which were also categorized as EDCs*>™**

. Two studies reported
RR in both sexes combined (RR=1.9; 95% CI, 0.9 to 4.0* and RR=1.8; 95% CI, 0.6 to 5.8%).

Another study™ reported association of PBBs in opposite direction for men and women

(RR=0.50; 95% ClI, 0.23 to 1.12 for men; RR=1.52; 95% CI, 0.74 to 1.12 for women).

1.4.3 Chlorinated pesticides

The body of chlorinated pesticides studies included 13,998 participants from 16 cross-
sectional populations and 2549 from five prospective cohorts (with follow-up periods of 5 to 18
years). There were 17 studies that had T2D as an outcome and four studied diabetes-related
metabolic traits. Medians of serum chlorinated pesticide concentrations (as DDE) ranged from
112.8 to 1817 ng/g lipid. In both cross-sectional and prospective studies, serum chlorinated
pesticides (including different types of pesticides) concentrations were significantly associated
with higher risk of T2D. The pooled RR of T2D comparing highest (DDE >545 to >9258 ng/g
lipid) and lowest (DDE <112 to <3602 ng/g lipid) categories of chlorinated pesticides
concentration for all cross-sectional and prospective studies was 2.30 (95% CI, 1.81 to 2.93).

The majority of the studies studied chlorinated pesticides individually. All individual pesticides
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were associated with higher risk of T2D (pooled RR ranging from 1.55 to 2.88, data not shown).
Dose-response analysis of DDE showed an RR of 1.18 per 1000 ng/g lipid increase (95% CI,
1.08 to 1.28). The between-study heterogeneity was not statistically significant (P for Cochran’s
0=0.34; ’=9.5). When all of the aforementioned data were stratified by sex (Table 1.3),
concentrations of chlorinated pesticides were significantly associated with T2D in women
(RR=2.54; 95% CI, 1.25 to 5.14; comparing the highest concentration categories to the lowest).
In contrast, there were not enough data available to support similar association in men (RR=7.32;
95% CI, 0.92 to 58.41; comparing the highest concentration categories to the lowest). Similar to
that in the analysis for PCBs, the association was stronger in non-whites (RR=2.64; 95% CI, 1.56
to 4.49) than in whites (RR=1.95; 95% CI, 1.40 to 2.71), comparing the highest concentration
categories to the lowest. Association in prospective studies with <10 y follow-up did not differ
significantly from association in those with longer follow-up time. Moderate publication bias
was detected (P from Egger’s test=0.06). Using trim-and-fill method (Figure 1.7), we obtained a
corrected RR of 2.00 (95% CI, 1.51 to 2.66) comparing the highest concentration categories to
the lowest. The estimates did not change materially after excluding studies with small sample
sizes (Figure 1.8). For a sensitivity analysis, we excluded two studies with broad exposure
range””*’, and the RR did not change materially (RR=2.22; 95% CI, 1.72 to 2.85). For metabolic
traits (Table 1.4), higher concentrations of chlorinated pesticides were associated with higher
fasting glucose, 2-h post-challenge glucose, fasting insulin, 2-h post-challenge insulin, and

HOMA-IR, albeit not statistically significant.

1.4.4 Non-persistent EDCs
The body of BPA studies included 14,550 participants from seven cross-sectional

populations. Four studies had T2D as an outcome and five studied diabetes-related metabolic
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traits. Median urinary concentration of BPA ranged from 0.81 to 9.40 ng/mL. The pooled RR
(Figure 1.9) of T2D comparing the highest BPA concentrations (>1.43 to >4.20 ng/mL) to the
lowest (<0.47 to <1.36 ng/mL) was 1.49 (95% CI, 1.24 to 1.78). Dose-response analysis of BPA
showed an RR of 1.11 per 1 ng/mL increase (95% CI, 1.05 to 1.16). No significant publication
bias was detected. Higher BPA concentrations were also significantly associated with higher
HOMA-IR (WMD=0.80; 95% CI, 0.36 to 1.25), and non-significantly associated with higher
fasting glucose (WMD=1.19 mg/dL; 95% CI, —0.28 to 2.66 mg/dL).

The body of phthalate studies included 5825 participants from four cross-sectional studies.
Two studies had T2D as an outcome and four studied diabetes-related traits. Medians of urinary
phthalate concentrations (as MEP) were around 11.6 ng/mL. The pooled RR (Figure 1.10) of
T2D comparing the highest (MEP >17.5 ng/mL) and lowest (MEP<7.2 ng/mL) total urinary
phthalate metabolites concentrations was 1.64 (95% CI, 1.03 to 2.59). No significant publication
bias was detected. Among all phthalate metabolites, MEP and monoisobutyl phthalate (MiBP)
have been included in more than one study with RR comparing the highest concentration
categories to the lowest. Higher concentrations of both MEP and MiBP (which have been
included in multiple studies) were associated with higher risk of T2D (MEP: RR=1.39; 95% ClI,
0.55 to 3.48; MiBP: RR=1.90; 95% CI, 1.17 to 3.09; comparing the highest concentration
categories to the lowest). The relation between phthalate concentrations and fasting glucose was
reported by only one study, while three studies investigated the association between phthalate
concentrations and HOMA-IR. Comparing the highest concentration categories to the lowest, the
mean difference of all metabolites for fasting glucose was 0.78 mg/dL (95% CI, —0.40 to 1.96
mg/dL), and the pooled WMD of all metabolites for HOMA-IR was 0.42 (95% CI, —0.16 to

0.99).
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1.5 Discussion

In this meta-analysis of 39 cross-sectional and seven prospective studies of diverse
populations, we observed significant associations of serum concentrations of persistent EDCs
(dioxins, PCBs, and chlorinated pesticides) and urinary concentrations of non-persistent EDCs
(BPA and phthalates) with T2D risk. Significant associations between EDCs and diabetes-related
metabolic traits, including increased fasting glucose, 2-h post-challenge glucose, fasting insulin,
and HOMA-IR, were also observed. Further, sex-specific associations were also identified in that
high serum concentrations of PCBs were weakly associated with T2D in men but more strongly
associated with T2D in women. A larger sex dimorphism was suggested in one study of PBB,
which indicated that higher blood PBB concentration was positively associated with T2D risk in

women and inversely associated with T2D risk in men™,

To our knowledge, this is the first meta-analysis to report significant associations of a full
spectrum of EDCs as listed in the Endocrine Society Scientific Statement™ including both
persistent and non-persistent EDCs with T2D risk. In a recent meta-analysis of prospective
studies, Wu and colleagues also reported significant associations of total PCBs (OR=1.70; 95%
CI, 1.28 to 2.27), and one of the chlorinated pesticide, hexachlorobenzene (HCB, OR=2.00; 95%
CI, 1.13 to 3.53) with risk of T2D". The effect sizes are similar to the results from our analysis.
For the current meta-analysis, we expanded the spectrum of EDCs from the most classic EDC,
dioxins, to the recently accepted non-persistent EDCs, BPA and phthalates. In addition, given the
limited numbers of prospective studies, we included both cross-sectional and prospective to

comprehensively evaluate the existing evidence for the association between EDCs and T2D. We
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also assessed the association between these EDCs and diabetes-related traits, in order to examine

the effects of EDCs on glucose metabolism quantitatively.

Previous animal studies have demonstrated that exposure to persistent EDCs, BPA, and
phthalates alter blood glucose and insulin homeostasis* . Persistent EDCs, including dioxins,
PCBs, and chlorinated pesticides, may impair glucose metabolism by affecting the expression of
insulin-like growth factor 1 and its binding protein, by reducing cellular glucose uptake, or by

direct binding and activation of the aryl hydrocarbon receptor pathway**>"

. The activation of aryl
hydrocarbon receptor by persistent EDCs, especially dioxin-like EDCs, may antagonize
peroxisome proliferator-activated receptor y (PPARY) function, thus suggesting that these EDCs
may affect the risk of T2D through antagonism of PPARy functions®’. While initially considered
a weak estrogen, BPA is equipotent with estradiol in its ability to stimulate rapid response via
estrogen receptors’', inducing physiological responses at concentrations as low as 0.1 nmol/L
(0.023 ng/mL)>. At such environmentally relevant low doses, BPA has also been shown to
suppress adiponectin release from adipocyte, stimulate accumulation of triacylglycerol (TG) in
adipocytes and hepatocytes, and up-regulate genes involved in lipid metabolism, adipocyte
differentiation, and inflammation, some pathways that are beyond the classic sex hormone

53-55

receptors-mediated systems™ ~°. Recent studies have also shown that di-2-ethylhexyl phthalate

(DEHP) and BPA can influence the metabolism and local bioavailability of endogenous
androgens and estrogens”*’.

The sex-specific differences in the PCB-T2D relation are consistent with our previous
observation in prospective cohorts of men and women linking sex-steroid to T2D risk>"®.

Endogenous sex hormones (testosterone and estradiol) and their binding protein (SHBG) affect

the risk of developing T2D differently in men and women. Specifically, higher testosterone
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levels were associated with increased risk of T2D in women but not in men, whereas SHBG
appeared more protective in women than in men. While the exact mechanism responsible for the
sex-specific relation remains to be determined, EDCs (as exogenous sex hormone mimetics) may
also perturb estrogen and/or androgen signaling and alter metabolic regulatory mechanisms in a
sex-dependent manner”".

Asides from the EDCs included in this systematic review, other chemicals (e.g. parabens,
triclosan/triclocarban, and oxybenzone) found in cosmetics and personal-care products have also

been shown to have endocrine-disrupting effects™ '

. However there are as yet no studies that
have directly investigated their health effects on T2D risk in humans.

Several limitations need to be considered when interpreting our findings. First, because
all the studies included are observational and the majority are cross-sectional, potential selection
biases and confounding may exist. Also, although the statistical tests for heterogeneity were not
significant, there appeared to be considerable heterogeneity of the studies included, in terms of
study design and characteristics of population. To the extent possible, we have identified
association measures that were from the model with the most comprehensive adjustment of
confounders in the original studies. Findings in subgroup analyses were consistent across
different groups. Consistency from the total and sex-specific associations due to the same EDCs
in prospective studies provided further assurance toward limiting the potential impact due to
residual confounding. Moreover, LaKind et al. suggested that using cross-sectional datasets like
NHANES to draw conclusions about non-persistent EDCs and chronic diseases may be

inappropriate®®. Thus, future prospective studies are needed to establish a causal association

between non-persistent EDCs and risk of diabetes.
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Second, we extracted the association measures as RR or WMD comparing the highest to
the lowest concentration categories in each study, despite the fact that all studies used different
categorizations of EDC concentrations (e.g. in different quantiles or other categorizations). The
median exposure levels were in similar ranges across populations except for several studies for
occupational exposures. Because each study included different subgroups/types of the EDCs, we
provided the reference concentration levels for the highest and lowest concentration categories
according to the corresponding concentrations of the most frequently studied congeners or types
(TCDD for dioxins, PCB153 for PCBs, DDE for chlorinated pesticides, and MEP for phthalates).
This is a reasonable approach given that the concentrations of individual congeners or types are
highly correlated with the total concentration levels according to the data from these studies®. It
is important to note that the association between EDCs and diabetes may be nonlinear. However,
in the existing population studies on this association, few studies detected a significant nonlinear
pattern of association, and most studies modeled the association under linear assumption. Thus,
in order to combine the existing evidence, we also assumed the relationships are linear, or at least
monotone. However, this may miss the potential nonlinear/non-monotonic relationships, and
future appropriately designed large prospective studies and close re-examination of existing

datasets are important.

Third, since humans are very likely to be exposed to a cocktail of pollutants (especially
for persistent EDCs such as dioxins and PCBs), it is rather difficult, if not impossible, to separate
effects of individual pollutants. On the other hand, it is reasonable to examine joint effects by
categories of pollutants that belong to the same category and are usually present concomitantly

as shown in all the studies included.
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Fourth, because of the lack of prospective studies concerning dioxins, BPA, and
phthalates and T2D risk, we only included cross-sectional studies in the analysis. Future studies
are clearly needed to help establish causality concerning these EDCs in large prospective
cohorts. We have identified four studies investigating the association between urinary
concentration of BPA and T2D using data from NHANES®**®". We did not include all of these
studies in the analysis since this would introduce bias by giving more weight to the results from
the same NHANES dataset. We chose the study by Shankar et al.®® because it covers the whole
time range of all the other studies (2003-2008), and reported RR by quartiles, which can be
synthesized into our meta-analysis. When stratified by NHANES cycles, the three other studies
reported significant association between urinary BPA concentration and T2D in the 2003-2004
cycle (RR=1.39; 95% CI, 1.21 to 1.60%, 1.41; 95% CI, 1.21 to 1.64”, and 1.23; 95% CI, 1.07 to
1.42°7 by one SD increase of BPA), whereas no significant association was detected in the 2005-
2006 and 2007-2008 cycles (for 2005-2006 cycle: RR=1.07; 95% CI, 0.85 to 1.34% and 1.05;
95% CI, 0.94 to 1.18%"; for 2007-2008 cycle: RR=1.06; 95% CI, 0.91 to 1.23%"). Moreover, for

the study of Ning et al.®®

, although the RR comparing the highest with the lowest quartiles of
urinary BPA concentration was significant, they did not detect a significant linear trend of the
association and reach a conclusion of no association. Although the pooled RR for BPA in the
current analysis is significant, all the aforementioned uncertainties need to be taken into

consideration while explaining the results, and these uncertainties necessitate future larger

prospective studies to confirm or refute this association.

Fifth, publication biases were possible for studies of chlorinated pesticides, although the
main effect estimates remained stable in our sensitivity analyses excluding smaller studies.

Additionally, studies that did not provide sufficient information for association measures
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synthesis in this meta-analysis (e.g. no data on variance®, association measures on log scale’"",

and no blood/urine measurement of EDCs’") also supported a positive association between

serum/urine concentrations of EDCs and T2D risk.

In conclusion, our systematic review of 46 studies comprising 51,687 individuals from
different populations (including white, black, Hispanic, Asian, and Native American) indicates
that serum concentrations of persistent EDCs and urinary concentrations of non-persistent EDCs
may significantly affect T2D risk, and that the magnitudes of associations with PCBs appear sex-
dependent (stronger in women than in men). Our findings emphasize the importance of
environmental factors in the etiology of T2D. Moreover, these findings highlight the importance
of investigating the sex-specific risk of T2D according to different EDCs. As the existing studies
regarding the association between non-persistent EDCs and risk of T2D are all cross-sectional,
large and high-quality prospective studies that comprehensively assess concentrations of these
EDCs are urgently needed to clarify the role of these environmental factors in the ongoing T2D

epidemics in human populations.
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Table 1.2 Biologic half-lives of some known endocrine-disrupting chemicals (EDCs).

Category Biologic half-life examples

Persistent EDCs*
Dioxins 7.1 years (2,3,7,8-tetrachlorodibenzodioxin, TCDD)'"”
Polychlorinated biphenyls (PCB) 2.6 years (Aroclor 1242)
4.8 years (Aroclor 1254)'"°
Polybrominated biphenyls (PBB) 10.8 years'"!
Chlorinated pesticides 2.5 years (p,p’-dichlorodiphenyldichloroethylene, DDE)''?
5.7 years (dichlorodiphenyltrichloroethane, DDT)'"
Several months (Mirex)'*
9-12 months (Aldrin)'"
Perfluorinated compounds (PFC) 3.8 years (perfluorooctanoic acid, PFOA)
Non-Persistent EDCs+

116

Bisphenol A (BPA) 43 hours'"’

Phthalates 2 hours (phase I) + 5 hours (phase II) (di-2-ethylhexyl phthalate,
DEHP)'"*

Triclosan 0.45 hours (phase I) + 2.42 hours (phase II)'"

*Persistent EDCs: EDCs with low water solubility and high lipid solubility, leading to their bioaccumulation in
adipose tissue. Biologic half-lives of persistent EDCs are several years or above.

FNon-persistent EDCs: EDCs with high water solubility, leading to their fast excretion from human body. Biologic
half-lives of non-persistent EDCs are usually within several hours.
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6855 Articles Identified From Literature Search
4751 from MEDLINE
2102 from EMBASE
2 from Hand Search

304 Duplicates Removed

\ 4

A 4

6551 Potentially Relevant Abstracts Evaluated

6443 Excluded Based on Review of Abstracts
1579 Not Human Studies (Chemistry,
Animal, Isolated Tissue, Cell Line)
93 Reviews/ Editorials/ Guidelines/
Letters/ Comments
4771 Irrelevant Exposure or Outcome

A 4

108 Full Texts of Articles Retrieved

62 Excluded After Full Text Review
21 Updated Data Available For the Same
Study Population or Duplicate Publication

4 No Variance Data

17 No Proper Effect Measure for Synthesis
9 No Blood/Urine Measure of Exposure
8 Mortality Study
3 Children Study

A 4

46 Articles Included
11 With Dioxin Data
27 With Polychlorinated/Polybrominated
Biphenyls Data
22 With Chlorinated Pesticides Data
7 With Bisphenol A Data
4 With Phthalate Data

Figure 1.1 Study Selection Process for Meta-analysis
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Dioxin Relative

Source Types Risk (95% Cl)
Calvert et al., 199917 Cl* - 1.97 (0.79, 4.96)
Longnecker et al., 2000%  Cl,t -—.— 1.55 (0.91, 2.64)
Fierens et al., 200358 17 Congenerst L ) 5.05 (1.18, 21.55)
Chen et al., 20066 17 Congenerst € = ) 3.10 (0.21, 45.38)
Uemura et al., 200818 17 Congeners§ | 2.20 (0.99, 4.92)
Everett et al., 201253 Cl~Cl I 1.90 (1.23, 2.92)
Overall 1.91 (1.44, 2.54)

T :I T T TTTTT

5 1 2 10

Relative Risk (95% CI)

Figure 1.2 Pooled relative risks of polychlorinated dibenzo-p-dioxin/dibenzofurans
(dioxins) and type 2 diabetes

Relative risks reported for highest (corresponding to TCDD concentrations of >2.0 to >5.2 pg/g
lipid) vs lowest (corresponding to TCDD concentrations of <1.0 to <2.8 pg/g lipid) serum
concentration categories of dioxins. Size of data markers represents the statistical weight that
each study contributed to the overall random-effect estimate. 95% CI indicates 95% confidence
interval.

Abbreviations: Cls: 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD); Cls: 2,3,4,7,8-
pentachlorodibenzofuran; Clg: 1,2,3,6,7,8-hexachlorodibenzo-p-dioxin; Cl;: 1,2,3,4,6,7,8-
heptachlorodibenzo-p-dioxin; Cls: 1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin.

*Fourth quartile of occupationally exposed workers (TCDD concentrations > 238 pg/g lipid) vs
referent population without occupational exposure (TCDD concentrations < 20 pg/g lipid).
tFourth quartile vs first quartile. {Tenth decile vs first decile. §Fourth quartile vs first and
second quartiles. ||Third tertile vs first tertile.
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PCB Relative
Source Types Risk (95% ClI)

Cross-sectional 1

Longnecker et al., 200164 Unknown* —r—— 5.10(1.88, 13.87)
Fierens et al., 2003% 12 Congenerst —_——) 7.61(1.59,36.52)
Lee et al., 2006% PCB153% . ——l 6.82(2.99, 15.54)
Codru et al., 20075 101 Congeners§ + 3.19 (1.37,7.41)
Everett et al., 2007 PCB126§ —— 3.67 (2.08, 6.48)
Jorgensen et al., 2008 13 Congeners* € il : 1.20 (0.41, 3.52)
Uemura et al., 2008'® 12 Congenersll :—I—) 6.82 (2.46, 18.90)
Philibert et al., 2009'° 8 Congeners{ L ¥ 5.53 (1.27, 24.05)
1
Ukropec et al., 20107 15 Congeners# —.—|— 1.86 (1.10, 3.16)
Airaksinen et al., 201172 PCB153t —B— 1.63 (0.91, 2.94)
Silverstone et al., 2012 35 Congeners# . 2.77 (1.00, 7.68)
Everett et al., 201283 4 Congeners§ —.— 2.20 (1.32, 3.67)
Gasull et al., 20127+ 7 Congeners* —— 1.82 (0.85, 3.91)
Subtotal <> 2.90 (2.14, 3.92)

Prospective

Vasiliu et al., 20062 Unknown* —— 2.01 (1.08, 3.77)
Wang et al., 20082' Unknown** —8— 1.92 (0.84, 4.36)
Rignell-Hydbom et al., 200920 PCB153 ' 1.60 (0.62, 4.10)
Turyk et al., 20098 18 Congeners* L : 1.80 (0.63, 5.20)
Lee et al., 201022 36 Congeners* «—a— : 0.71 (0.23, 2.18)
Lee et al., 201188 14 Congeners# —:—I—) 7.46 (1.41, 39.49)
Wu et al., 2013 (1) 22 Congeners§ € il 1 1.30 (0.43, 3.89)
Wu et al., 2013 (2) 56 Congeners§ (—.——;— 0.79 (0.23, 2.70)
Subtotal S 1.63 (1.15, 2.33)
1
Overall <> 2.39 (1.86, 3.08)

I T T TTTTTI
1 2 10

5
Relative Risk (95% CI)

Figure 1.3A Pooled relative risks of polychlorinated biphenyls (PCB) and type 2 diabetes
Relative risks comparing the highest (corresponding to PCB153 concentrations of >104 to >1348
ng/g lipid) and lowest (corresponding to PCB153 concentrations of <60 to <455 ng/g lipid)
serum concentration categories of PCB. Size of data markers represents the statistical weight that
each study contributed to the overall random-effect estimate. 95% CI indicates 95% confidence
interval.

*Fourth quartile vs first quartile. TTenth decile vs first decile. {Tenth decile vs non-detectable.
§Third tertile vs first tertile. ||[Fourth quartile vs first and second quartiles. JFourth quartile vs
first to third quartiles. #Fifth quintile vs first quintile. **PCB-poisoning victims vs referent
population.

33



PCB Relative
Source Types Risk (95% CI)

Cross-sectional

I

|
Everett et al., 20075 PCB126§ —— 3.67 (2.08, 6.48)
Uemura et al., 200818 12 Congenersill i ——) 6.82(2.46, 18.90)
Jorgensen et al., 2008% 3 Congeners* € i : 1.20 (0.40, 3.59)
Everett et al., 20125 4 Congeners§ + 2.20 (1.32, 3.67)
Gasull et al., 201274 2 Congeners* ——.—;— 1.51(0.72, 3.17)

Subtotal <<> 2.52 (1.53, 4.15)

Prospective

Turyk et al., 20098” pPCB118* i . 1.30 (0.53, 3.19)

Lee et al., 20102 5 Congeners* — | 0.46 (0.15, 1.43)

Lee et al., 201188 5 Congeners# E L Y 3.60 (0.75, 17.25)

Wu et al., 2013 (1) PCB118§ ¢ - 1.32 (0.42, 4.21)

Wu et al., 2013 (2) PCB118§ ¢ = E 1.51 (0.45, 5.08)
!

Subtotal <:>> 1.22 (0.69, 2.15)

Overall <> 1.90 (1.24, 2.91)

I I I T TTTTTI
5 1 2 10

Relative Risk (95% Cl)

Figure 1.3B Pooled relative risks of dioxin-like polychlorinated biphenyls (PCB) and type 2
diabetes

Size of data markers represents the statistical weight that each study contributed to the overall
random-effect estimate. 95% CI indicates 95% confidence interval.

*Fourth quartile vs first quartile. TTenth decile vs first decile. {Tenth decile vs non-detectable.
§Third tertile vs first tertile. ||[Fourth quartile vs first and second quartiles. JFourth quartile vs
first to third quartiles. #Fifth quintile vs first quintile. **PCB-poisoning victims vs referent
population.
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Filled funnel plot with pseudo 95% confidence limits
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Figure 1.4 Trim-and-fill methods for publication bias correction for the study bodies of
polychlorinated biphenyls (PCBs).

The funnel plots show the filled estimates of RR (as the horizontal line) and augmented data (as

the points), along with pseudo confidence limits. A square around the data symbol indicates an
imputed data point.
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Source

PCB
Types

Relative
Risk (95% ClI)

Everett et al., 2012% 4 Congeners§ —_— 2.20 (1.32, 3.67)
Ukropec et al., 2010™ 15 Congeners# —_— 2.03 (1.41,2.93)
Everett et al., 20075 PCB126§ —_—— 2.43 (1.65, 3.59)
Airaksinen et al., 201172 PCB1531 —_—— 2.22 (1.59, 3.11)
Vasiliu et al., 200624 Unknown* —_— 2.19 (1.67, 2.86)
Gasull et al., 201274 7 Congeners* — 2.15 (1.69, 2.72)
Wang et al., 20082 Unknown** —_— 2.13(1.69, 2.68)
Lee et al., 2006%° PCB153% —_—— 2.35(1.75, 3.15)
Codru et al., 2007 101 Congeners§ —_—— 2.40 (1.83, 3.15)
Rignell-Hydbom et al., 20092 PCB153q —_—— 2.34 (1.81, 3.02)
Longnecker et al., 200164 Unknown* —_—— 2.44 (1.89, 3.17)
Silverstone et al., 20121 35 Congeners# —_— 2.45 (1.92, 3.13)
Uemura et al., 20088 12 Congenersl| —_—— 2.59 (2.01, 3.35)
Turyk et al., 200987 18 Congeners* —— 2.55 (1.99, 3.25)
Jorgensen et al., 2008%8 13 Congeners* —— 2.47 (1.94, 3.15)
Wu et al., 2013 (1) 22 Congeners§ —_—— 2.41 (1.90, 3.06)
Lee et al., 201022 36 Congeners* —_— 2.31 (1.80, 2.96)
Wu et al., 201310 (2) 56 Congeners§ —_— 2.23 (1.73, 2.87)
Philibert et al., 20091° 8 Congenersf —_—— 2.28 (1.77, 2.93)
Fierens et al., 2003%8 12 Congenerst —_— 2.34 (1.82, 3.01)
Lee et al., 201188 14 Congeners# —_— 2.39 (1.86, 3.08)
T TTTT | I T TTTTTI
5 2 10

Figure 1.5 Cumulative meta-analysis of relative risks of polychlorinated biphenyls (PCBs)

and type 2 diabetes.

Studies were sorted by the precision of their estimates (standard errors). Each estimate was

Relative Risk (95% CI)

pooling the corresponding study per se and all the studies with smaller precision.
*Fourth quartile vs first quartile. TTenth decile vs first decile. {Tenth decile vs non-
detectable. §Third tertile vs first tertile. |[Fourth quartile vs first and second quartiles.
YFourth quartile vs first to third quartiles. #Fifth quintile vs first quintile. **PCB-
poisoning victims vs referent population.
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Pesticide Relative
Source Types Risk (95% ClI)

Cross-sectional

Lee et al., 20065° O,DDE,TN*
Codru et al., 2007%¢ M,DDE,HCBt
Cox et al., 200775 HCB,TN,DDT,DDE,HCH,O,Dt 1.80 (0.66, 4.90)

L
Everett et al., 200751 DDTt —.— 2.46 (1.45, 4.18)
Jorgensen et al., 2008  A,M,HCB,HCH,AC,GC,TN,CN,DDT,DDE+ = 1.80 (0.59, 5.51)

1

1

'— W 6.89 (2.49, 19.09)
] 3.35 (1.16, 9.66)

Philibert et al., 20091 DDES§ | > 3.56 (0.98, 12.98)
Son et al., 20107 0,TN,HE,HCB,HCH,M,DDE,DDD,DD T+ ) 7.69 (1.15, 51.48)
Ukropec et al., 20107 HCB,DDE,DDT,HCHII — 1.60 (0.87, 2.94)
Airaksinen et al., 201172 O,TN,DDEq 2.01 (1.12, 3.63)
Gasull et al., 20127 HCB,HCH,DDT,DDE+ —B 1.20 (0.54, 2.67)
Arrebola et al., 20137 DDEt N 2.94 (1.02, 8.49)
Subtotal <> 2.28 (1.73, 3.02)

Prospective
Rignell-Hydbom et al., 2009PDE§

i > 5.47 (1.21, 24.76)

Turyk et al., 200957 DDEf —r—®> 7.10(1.60, 31.49)
Lee et al., 20102 0,TN,HCB,HCH,DDE,DDT,M# ¢ | : 1.16 (0.41, 3.28)
Lee et al., 201128 DDE,TN,HCBII —u $ 3.39 (0.99, 11.64)
Wu et al., 20131 (1) DDE,DDT,HCBt ¢ — 1.58 (0.46, 5.45)
Wu et al., 201310 (2) DDE,DDT,HCB? - 1.86 (0.57, 6.03)
Subtotal i 2.43 (1.39, 4.25)
1
Overall <> 2.30 (1.81,2.93)

T T T T T TTTTT
5 1 2 10

Relative Risk (95% CI)

Figure 1.6 Pooled relative risks of chlorinated pesticides and type 2 diabetes

Relative risks comparing the highest (corresponding to DDE concentrations of >545 to >9258
ng/g lipid) and lowest (corresponding to DDE concentration of <112 to <3602 ng/g lipid) serum
concentration categories of total chlorinated pesticides. Size of data markers represents the
statistical weight that each study contributed to the overall random-effect estimate. 95% CI
indicates 95% confidence interval.

Abbreviations: A, aldrin; AC, a-chlordane; CN, cis-nonachlor; DDD,
dichlorodiphenyldichloroethane; DDE, dichlorodiphenyldichloroethylene; DDT,
dichlorodiphenyltrichloroethane; GC, y-chlordane; HCB, hexachlorobenzene; HCH, B-
hexachlorocyclohexane; M, mirex; O, oxychlordane; TN, trans-nonachlor.

*Tenth decile vs first quartile. TThird tertile vs first tertile. {Fourth quartile vs first quartile.
§Fourth quartile vs first to third quartiles. ||Fifth quintile vs first quintile. §Tenth decile vs first
decile.
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Filled funnel plot with pseudo 95% confidence limits
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Figure 1.7 Trim-and-fill methods for publication bias correction for the study bodies of
chlorinated pesticides.

The funnel plots show the filled estimates of RR (as the horizontal line) and augmented data (as

the points), along with pseudo confidence limits. A square around the data symbol indicates an
imputed data point.
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Pesticide Relative

Source Types Risk (95% ClI)

Everett et al., 2007 DDTt R 2.46 (1.45, 4.18)
Airaksinen et al., 201172 O,TN,DDEY| —_—— 2.25(1.52, 3.33)
Ukropec et al., 20107 HCB,DDE,DDT,HCHII —_— 2.03 (1.46, 2.83)
Gasull et al., 20127 HCB,HCH,DDT,DDE} —_— 1.88 (1.39, 2.56)
Cox et al., 200775 HCB,TN,DDT,DDE,HCH,O,Dt —_— 1.88 (1.40, 2.51)
Lee et al., 2006 O,DDE, TN* —_—— 2.10 (1.44, 3.05)
Lee et al., 2010 O,TN,HCB,HCH,DDE,DDT,M#$ —_—— 1.99 (1.39, 2.83)
Arrebola et al., 20137 DDEt —_—— 2.05 (1.48, 2.83)
Codru et al., 2007 M,DDE,HCBt —_— 2.12(1.56, 2.88)
Jorgensen et al., 20088 A,M,HCB,HCH,AC,GC,TN,CN,DDT,DDEt —_—— 2.09 (1.58, 2.77)
Wu et al., 20131 (2) DDE,DDT,HCBY —_— 2.08 (1.61, 2.68)
Lee et al., 201188 DDE,TN,HCBII —_—— 2.11 (1.66, 2.70)
Wu et al., 2013 (1) DDE,DDT,HCBt —— 2.09 (1.65, 2.64)
Philibert et al., 20091 DDES§ —_—— 2.13(1.69, 2.68)
Turyk et al., 200987 DDEY —_— 2.19 (1.73, 2.78)
Rignell-Hydbom et al., 2009 DDES§ —_—— 2.25(1.77, 2.85)
Son et al., 201077 O,TN,HE,HCB,HCH,M,DDE,DDD,DDT+t —_— 2.30(1.81,2.93)

T TTTI I I T TTTTTI
5 1 2 10

Relative Risk (95% CI)

Figure 1.8 Cumulative meta-analysis of relative risks of chlorinated pesticides and type 2
diabetes.

Studies were sorted by the precision of their estimates (standard errors). Each estimate was
pooling the corresponding study per se and all the studies with smaller precision.

*Tenth decile vs first quartile. TThird tertile vs first tertile. {Fourth quartile vs first quartile.
§Fourth quartile vs first to third quartiles. ||Fifth quintile vs first quintile. §Tenth decile vs

first decile.
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Source

Ning et al., 201148
Shankar et al., 201146
Kim et al., 201282

Overall

-
N
O

Relative

Risk (95% CI)

1.36 (1.08, 1.72)
1.68 (1.23, 2.30)
1.72 (0.90, 3.28)

1.49 (1.24,1.78)

Relative Risk (95% CI)

10

Figure 1.9 Pooled relative risks of bisphenol A (BPA) and type 2 diabetes

Relative risks comparing the highest (>1.43 to >4.20 ng/mL) and lowest (<0.47 to <1.36 ng/mL)
quartile of urinary concentrations of BPA. Size of data markers represents the statistical weight
that each study contributed to the overall random-effect estimate. 95% CI indicates 95%

confidence interval.



Phthalate Relative

Source Year Types Risk (95% Cl)
Lind et al., 20125 2012 4 Metabolites* S 1.95 (0.97, 3.96)
James-Todd etal., 201255 2012 8 Metabolitest S 1.43 (0.78, 2.63)

Overall <> 1.64 (1.03, 2.59)

5 1 2 10
Relative Risk (95% CI)

Figure 1.10 Pooled relative risks of phthalates and type 2 diabetes

Relative risks comparing the highest (corresponding to monoethyl phthalate concentrations of
>17.5 ng/mL) and lowest (corresponding to monoethyl phthalate concentrations of <7.2 ng/mL)
urinary concentration categories of total phthalate. Size of data markers represents the statistical
weight that each study contributed to the overall random-effect estimate. 95% CI indicates 95%
confidence interval.

*Fifth quintile vs first quintile, including MEHP, MEP, MiBP, and MMP.

tFourth quartile vs first quartile, including MEP, MnBP, MiBP, MBzP, MCPP, and total DEHP
metabolites (MEHP, MEHHP, and MEOHP).
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1.7 Appendix: Search strategy for MEDLINE and EMBASE

Pubmed:

(“Endocrine Disruptors”’[MeSH Terms] OR “Endocrine Disruptors”[Title/Abstract] OR
dioxins|[MeSH Terms] OR benzofurans[MeSH Terms] OR dioxins[Title/Abstract] OR
benzofurans [Title/Abstract] OR “Polychlorinated Biphenyls”’[MeSH Terms] OR
“Polybrominated Biphenyls”[MeSH Terms] OR “Polychlorinated Biphenyls”[Title/Abstract] OR
“Polybrominated Biphenyls”[Title/Abstract] OR pesticides[MeSH Terms] OR
Insecticides]MeSH Terms] OR Fungicides[MeSH Terms] OR “Hydrocarbons,
Chlorinated”[MeSH Terms] OR pesticides| Title/Abstract] OR Insecticides|[Title/Abstract] OR
Fungicides[Title/Abstract] OR Phenols[MeSH Terms] OR “bisphenol A”’[Title/Abstract] OR
“Phthalic Acids”[MeSH Terms] OR Phthalic acids[Title/Abstract] OR

phthalates[ Title/Abstract]) AND (“Diabetes mellitus”[MeSH Terms] OR diabetes[Title] OR
“blood glucose”’[MeSH Terms] OR glucose[Title] OR insulinf[MeSH Terms] OR insulin[Title]
OR “insulin resistance”’[MeSH Terms]) NOT (rat[Title] OR rats[Title] or rat’s[Title] OR
mice[Title] OR mouse[Title] OR “in vitro”[Title] OR Review[Publication Type] OR

Comment[Publication Type])

EMBASE:

(‘endocrine disruptors'/exp OR 'endocrine disruptors' OR 'dioxin'/exp OR dioxin OR 'benzofuran
derivative'/exp OR 'benzofuran' OR 'polychlorinated biphenyl'/exp OR 'polychlorinated bipheny!'
OR 'polybrominated biphenyl'/exp OR 'polybrominated biphenyl' OR 'organochlorine
pesticide'/exp OR 'organochlorine pesticide' OR '4, 4" isopropylidenediphenol'/exp OR

'bisphenol a' OR 'phthalic acid'/exp OR 'phthalate’) AND ('diabetes mellitus'/exp OR 'diabetes'
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OR 'blood glucose level'/exp OR 'blood glucose' OR 'insulin'/exp OR insulin OR 'insulin
resistance'/exp OR 'insulin resistance’) NOT(rat:ti OR rats:ti OR rat’s:ti OR mice:ti OR mouse:ti
OR 'in vitro":ti) AND (‘article'/it OR 'article in press'/it OR 'conference abstract'/it OR 'conference

paper'/it OR 'letter'/it OR 'note'/it OR 'short survey'/it)
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CHAPTER 2. Urinary Concentrations of Bisphenol A and Phthalate
Metabolites and Weight Change: A Prospective Investigation in US

Women

2.1 Abstract

IMPORTANCE: Both bisphenol A (BPA) and phthalates are known endocrine-disrupting
chemicals for which there is widespread general population exposure. Human exposure occurs
through dietary and non-dietary routes. Although animal studies have suggested a potential role
of these chemicals in obesity, evidence from human studies is sparse and inconsistent, and
prospective evidence is lacking.

OBJECTIVE: To evaluate urinary concentrations of BPA and major phthalate metabolites in
relation to prospective weight change.

DESIGN, SETTING, AND PARTICIPANTS: Control populations in a prospective case-
control study of type 2 diabetes in the Nurses’ Health Study (NHS) and NHSII.

EXPOSURES: A total of 977 participants provided first morning void urine samples in 1996-
2002. Urinary concentrations of BPA and eight phthalate metabolites were measured using liquid
chromatography — mass spectrometry.

MAIN OUTCOMES AND MEASURES: Body weights were self-reported at baseline and
updated biennially thereafter for 10 years.

RESULTS: On average, the women gained 2.09 kg (95% CI, -2.27 to 6.80 kg) during the 10-
year follow-up. In multivariate analysis with adjustment of lifestyle and dietary factors, in
comparison to women in the lowest quartile of BPA concentration, those in the highest quartile

had 0.22 kg/yr (95% CI, 0.06 to 0.37 kg/yr) greater weight gain during the 10-year follow-up (P-
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trend=0.02). Several phthalate metabolites, including phthalic acid, monobenzyl phthalate, and
monobutyl phthalate, were also associated with faster prospective weight gain in a dose-response
fashion (P-trend<0.01), whereas other phthalates metabolites, including monoethyl phthalate and
monoethylhexyl phthalate, were not monotonically associated with body weight change.
CONCLUSION AND RELEVANCE: These data suggest urinary concentrations of BPA and
certain individual phthalate metabolites were associated with modestly greater weight gain in a
dose-response fashion. These data are consistent with a potential role of BPA and phthalates in

weight gain, although more prospective data are needed to corroborate these observations.
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2.2 Introduction

Excessive body weight is associated with an increased risk of major chronic diseases
including cardiovascular disease, diabetes, and certain cancers’. Recently, a new policy
statement from the American Medical Association has officially recognized obesity as a separate
disease, not simply a risk factor of other chronic diseases. Accumulating evidence has suggested
that some environmental chemicals possessing endocrine-disrupting properties may lead to

10,11

adiposity . BPA and phthalates are ubiquitous endocrine-disrupting chemicals (EDCs) that

have the ability to alter hormone signaling in the body'*. Both BPA and phthalates are widely

. . : 121,122
used in consumer products and exposure occurs through dietary and non-dietary routes = .

Although animal studies have suggested a role of these chemicals in the etiology of obesity’*'>,

101,103,124-135 .
U . Furthermore, most of these studies

evidence from human studies was inconsistent
were cross-sectional and no prospective studies in adult populations have been conducted. We

aimed to evaluate urinary concentrations of BPA and major phthalate metabolites in relation to

prospective weight change in the Nurses’ Health Study (NHS) and NHSII.

2.3 Methods

2.3.1 Study population and sample collection

The NHS was established in 1976 when 121,700 female registered nurses aged 30-55
years were enrolled, while in 1989 the younger counterpart NHSII cohort was initiated among a
total of 116,686 female registered nurses aged 25-42 years. A total of 18,717 NHS participants
aged 53-79 years provided blood and urine samples in 2000-2001. In 1995-2000 blood and urine

samples were collected from 29,611 NHSII participants aged 32-52 years. Urine samples were
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collected without preservative in a polypropylene container and returned to a central
biorepository via overnight courier with an icepack and were immediately processed upon arrival
and aliquoted into polypropylene cryovials, which were stored in the vapor phase of liquid
nitrogen freezers at <-130°C.

During the follow-up periods of 2000-2008 in the NHS and 1995-2007 in the NHS II, a
total of 971 type 2 diabetes cases were identified and confirmed among participants who
provided urine samples in these two cohorts'*®. A control was selected for each case and case-
control pairs were matched for age at urine sample collection, race, fasting status, first morning
sample, and menopausal status and use of hormone replacement therapy (NHSII only). The study
population of the current analysis is from the control population of a nested case-control study of

type 2 diabetes in these two cohorts'>°

. All urine samples from the 977 participants were first
morning void urine collected during 1996-2002. (Of note, in the NHS only, because of technical
reasons, concentrations of phthalic acid were not available for 144 case-control pairs.) The study

protocol was approved by the institutional review board of the Brigham and Women’s Hospital

and the Human Subjects Committee Review Board of Harvard School of Public Health.

2.3.2 Body weight and covariate assessments

Body weight of each individual was self-reported every two years. In these cohorts of
registered nurses self-reported body weight was highly accurate: a correlation coefficient of 0.96
was observed between self-reported weight and measured weight among 184 NHS
participants'®’. The major outcome of this study was the prospective weight change since urine
sample collection (2000-2001 in NHS; 1995-2000 in NHSII) to the most recent follow-up cycle
(2010 in NHS; 2009 in NHSII). The most recent body weights available in both NHS and NHSII

were body weight at 10-years of follow-up since baseline. Body mass index (BMI) was
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calculated as weight (kg) divided by squared height (m?). Self-administrated questionnaires were
used to collect information on demographics and lifestyle factors, including age, cigarette
smoking, alcohol drinking, and physical activity. Total energy intake and alternate healthy eating

138

index *° (AHEI) were calculated from the data collected using a validated food frequency

questionnaire (FFQ) at baseline.

2.3.3 Laboratory measurements

Urinary concentrations of BPA and eight phthalate metabolites [mono-(2-ethylhexyl)
phthalate (MEHP), mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP), monobutyl
phthalate (MBP), mono-isobutyl phthalate (MiBP), monobenzyl phthalate (MBzP), monoethyl
phthalate (MEP), and phthalic acid (PA)] were measured using liquid chromatography — mass

139,140
spectrometry ~

. The average intra-batch coefficients of variation (CVs) were <10% for most
metabolites (including creatinine), except MEHP (NHS 11.4%, NHSII 10.0%) and BPA (NHS
11.5%, NHSII 13.0%). We grouped these metabolites according to their parent chemicals: DEHP
metabolites (MEHP, MEHHP, MEOHP, and MECPP) and butyl phthalates metabolites (MBP
and MiBP). To be consistent with previous research on phthalates, we excluded phthalic acid in
calculation of total phthalate metabolite concentration. The presence of parent phthalates
(diesters) is due to external contamination and they can break down to monoesters, although the
process occurs very slowly and minimal given the samples were frozen within 24 hours. To test
for potential environmental contamination of samples, we compared measurements of urinary
concentrations of phthalate metabolites treated with and without B-glucuronidase and sulfatase in

141

a pilot study . Among 44 NHS and NHSII participants, the two measurements with and without

B-glucuronidase and sulfatase were highly correlated. The intraclass coefficients (ICC) were
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>0.99 for MEP, MBP, MEOHP, and MBzP, >0.96 for MEHHP and MECPP, >0.94 for MiBP
and MEHP, suggesting that the impacts of the use of these enzymes on the measurements of

these chemicals were minimal.

2.3.4 Statistical methods

Analysis was conducted among controls to facilitate the generalizability of results to the
entire NHS studies and to minimize the potential confounding effect of diabetes on the
association between the metabolites and weight change. Baseline characteristics were
summarized according to quartiles of BPA and total phthalates concentrations. Categorical
variables were shown as percentages; normal-distributed continuous variables were expressed as
the mean (standard deviation); non-normal-distributed continuous variables were shown as
median (interquartile range). Missing data of covariates were imputed as medians of the study
population (94% participants had valid values on covariates, 6% had 1~4 missing values).
General linear regression was used to model the relation of urinary concentrations of BPA and
phthalates with BMI at baseline. The basic models were adjusted for urinary creatinine
concentration (log-transformed). In the multivariable model, we additionally adjusted for cohort
origin (NHS or NHSII), age at baseline (yr), smoking (never, past, or current smoker), alcohol
consumption (g/day, log-transformed), physical activity (MET-hours/week, log-transformed),
AHETI score, and total energy intake (kcal/day). P values for linear trend were obtained by
including the median concentration of each quartile as a continuous variable in the regression
models. To model prospective annual weight change rate by quartiles of urinary BPA and
phthalate concentrations, we used mixed-effects models with product terms between the
concentrations and year after baseline. Women with at least two measurements of body weights

were included in the analysis. P values for linear trend were obtained by examining an
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interaction term between follow-up time and median concentration of the quartile in the mixed-
effects models. All P values were two-sided. Data were analyzed with the SAS software, version

9.3 (SAS Institute, Inc., Cary, North Carolina).

2.4 Results

Baseline characteristics of participants were summarized in Table 2.1. Women with
higher urinary concentration of BPA were on average younger, more likely to be current
smokers, had a lower level of physical exercise, higher concentrations of creatinine and phthalate
metabolites, and greater weight gain during follow-up. Similarly, women with higher urinary
concentration of total phthalates were on average younger, had a lower level of physical exercise,
higher concentrations of creatinine and BPA, and greater weight gain during follow-up.

Associations between urinary concentrations of BPA and phthalate metabolites and
baseline BMI are shown in Table 2.2. Urinary BPA concentration was not associated with
baseline BMI (P-trend=0.79). Likewise, total phthalate metabolites concentration was not
associated with baseline BMI (P-trend=0.29). Sum of monobutyl phthalate metabolites,
however, was inversely associated with baseline BMI (P-trend=0.02). The nonspecific
metabolite — phthalic acid — was positively associated with baseline BMI (P-trend=0.02). The
adjusted mean of baseline BMI of women in the highest quartile of phthalic acid was 26.9 (95%
CI, 26.1 to 27.7), whereas the adjusted mean for women in the lowest quartile was 25.6 (95% CI,
24.8 to 26.4). All other phthalate metabolites were not associated with baseline BMI.

Table 2.3 presents the associations between quartiles of urinary concentrations of BPA
and phthalate metabolites and prospective annual weight change rate. Higher quartiles of urinary

BPA concentration were associated with faster weight gain during follow-up (P-trend=0.02).
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Compared to women in the lowest BPA quartile (median 3.61 nmol/L), those in the highest
quartile (median 21.91 nmol/L) had 0.22 kg greater annual weight gain (95% CI, 0.06 to 0.37 kg)
during 10 years of follow-up.

Associations between urinary phthalate concentrations and weight gain showed apparent
heterogeneity among different metabolites. Phthalic acid, MBzP, and sum of monobutyl
phthalates showed significant associations with faster weight gain during follow-up. Specifically,
compared to women in the lowest quartile of phthalic acid concentration (median 212 nmol/L),
those in the highest quartile (median 1326 nmol/L) had 0.32 kg/yr faster weight gain (95% CI,
0.15 to 0.50 kg; P-trend=0.002). Compared to women in the lowest quartile of MBzP
concentration (median 20 nmol/L), those in the highest quartile (median 252 nmol/L) had 0.41
kg/yr faster weight gain (95% CI, 0.25 to 0.56 kg; P-trend<0.001). Compared to women in the
lowest quartile of sum monobutyl phthalates (median 67 nmol/L), those in the highest quartile
(median 481 nmol/L) had 0.33 kg/yr faster weight gain (95% CI, 0.17 to 0.49 kg; P-
trend<0.001). In contrast, MEP and DEHP metabolites were not associated with weight change
in a monotonic fashion (P-trend=0.27 and 0.40, respectively). For the sum of all metabolites,
higher total phthalate concentration (excluding phthalic acid) was associated with faster weight
gain during follow-up (P-trend=0.04).

In secondary analysis when the analyses were stratified by age (Table 2.4) the trends of
BPA and monobutyl phthalates were attenuated to lack of statistical significance probably due to
diminished statistical power, although phthalic acid and MBzP were still significantly associated

with faster weight gain in young and old women, respectively.
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When we further stratified the analysis by baseline BMI levels, we observed a similar pattern
that overall associations were attenuated although in certain strata statistically significant

relationships remained (Table 2.5).

2.5 Discussion

To our knowledge, this is the first report of prospective associations between BPA and
phthalates and weight change. In the current study among US women, we observed that higher
urinary concentrations of BPA and certain phthalate metabolites (phthalic acid, MBzP, and butyl
phthalates) were significantly associated with modestly faster weight gain during follow-up.
Other phthalate metabolites, including MEP and DEHP metabolites, were not monotonically
associated with rate of weight gain. Analyses stratified by baseline age or BMI generated
somewhat heterogeneous results probably due to lower statistical power, although positive,
significant associations remained in certain strata.

Previous cross-sectional studies observed significant correlations between urinary BPA

124-129 101,130,131

concentration and obesity in children and adults , with adjustment of potential

confounders. In addition, the association in children differed by age (association observed in

126,128) 125,128

older but not younger children , gender (in girls but not boys ), and race/ethnicity (in

whites but not other races'>*'*’

). Evidence for adults in this regard was generated from the
NHANES"*"*! and a Chinese community-based survey.'’' These studies found significant
association of higher BPA concentrations with general obesity and abdominal obesity: odds
ratios comparing the highest quartile to the lowest ranged from 1.50 to 1.76. Our current study

did not demonstrate the same cross-sectional correlation between urinary BPA concentration and

BMI at baseline. Likewise, in the EPIC-Norfolk cohort baseline BPA concentrations were not
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correlated with BMI'**. The discrepancy regarding the cross-sectional correlations between BPA
and adiposity may be due to the heterogeneous routes of exposure in different populations and

. . - 122,143,144
presence and amounts of these chemicals in foods across countries “~ ™

, various confounding
pattern unique to study populations, or chance, especially for smaller studies. Nonetheless, the

cross-sectional evidence cannot help establish the temporal relationship between BPA exposure

and body weight. Similarly, evidence for phthalate exposures in relation to obesity is exclusively

132,133,135 103,134,135

from cross-sectional investigations among children and adults , and the results
were highly inconsistent. Two studies found association between low molecular weight
metabolites (e.g., MEP) and BMI in children'>'®, but the association was not replicated in
another study'>. These studies also reported sex heterogeneity of the association between
phthalate metabolites and obesity. For example, studies based on NHANES data found that
MEP, MBzP, MEHHP, and MEOHP were associated with larger waist circumference in men,
but not in women'®'*>. A study in a Swedish population found the opposite in that a positive
association between MiBP with waist circumference was observed in women but not in men'**.
Lastly, a cross-sectional study using NHANES data found inverse association between MBP
concentration and BMI in older women. The current study extends this research to elucidate the
longitudinal relationships between these chemicals and weight change and provides supportive
evidence that these pollutants are potential obesogens'*.

Several mechanisms have been proposed to explain potential biological pathways of BPA
and phthalate exposure leading to obesity. In vitro studies have suggested that BPA exposure
induces the differentiation of 3T3-L1 fibroblasts into adipocytes, and accelerates the adipocyte

. 146 .
conversion process . Moreover, BPA exposure was shown to cause triacylglycerol

accumulation in adipocytes, which is associated with obesity and metabolic syndrome™. Animal
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models also show that BPA exerts estrogenic effects through binding to estrogen receptor 3 to
cause insulin resistance and obesity'*’.

Phthalates are a group of chemicals with heterogeneous structures, and may have diverse
effect on health outcomes'*. Previous animal studies document that phthalate exposures,
primarily DEHP, lead to weight gain through a PPAR-mediated pathway'*. Several phthalate
monoesters have been identified as PPAR-y agonists and capable of promoting adipocyte
maturation, which is a possible mechanism linking phthalate exposure to obesity development
and adipose tissue distribution'*"*!. Some nonlinear relations were observed for certain
phthalate metabolites in the analyses, which have also been previously described for other

32 . . .
#2152 However, such nonlinear relations need to be interpreted

endocrine disrupting chemicals
with caution.

There are several limitations in the current study. First, as the biologic half-lives of BPA
and phthalates are relatively short, a single measurement of urine levels may not be able to
represent long-time exposure levels. Specifically, in NHS and NHSII population, Townsend et
al. found that within-person variability of urinary BPA concentrations was quite high (intraclass
correlation coefficient=0.14), whereas most of the phthalate metabolites showed moderate

within-person stability (intraclass correlation coefficient=0.39-0.55)""*

. Conversely, an
investigation demonstrated that BPA levels in a single urine sample might still be reasonably
informative for categorizing participants’ long-term exposure levels'>*. Ideally, use of multiple
24-hr urine samples collected through an extended period of time are required to estimate long-
term exposures, although in large epidemiological investigations it is challenging to obtain such

data. Second, there might be potential contamination from sample containers or during sample

processing. However, as indicated above, the impacts of the use of B-glucuronidase and sulfatase
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on the measurements of these chemicals were shown to be minimal. The correlation of phthalic
acid measurements was somewhat weaker (ICC=0.82), although any misclassification of the true
phthalic acid concentration is likely to be non-differential because contamination by
environmental phthalates was unrelated with true exposures. Third, the current study only
included women, most of whom are white. Future studies in other populations are warranted.
Fourth, because the understanding of predictors of BPA and phthalate exposure is limited, we
cannot exclude the possibility of residue confounding by factors beyond the ones we controlled
in the models.

In conclusion, we observed that higher urinary concentrations of BPA, phthalic acid,
MBzP, and butyl phthalates were significantly associated with faster weight gain in U.S. women.
The results are consistent with an etiological role of BPA and phthalates in weight gain, although
we cannot exclude the possibility of chance findings, especially when associations were
attenuated in stratified analyses. Future large-scale studies with repeated assessments of the

levels of these chemicals are needed to replicate these observations.
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Table 2.2 Associations between urinary concentrations of bisphenol A and phthalate
metabolites and baseline body mass index.

BMI (kg/m?)
Median
Chemical Quartile concentration
(anl/L) Model 1 Model 2
BPA Q1 3.61 26.0 (25.3 t0 26.8) 26.0 (25.3 t0 26.7)
Q2 6.39 26.2 (25.5t026.9) 26.2 (25.5t0 26.9)
Q3 10.48 26.3 (25.6 t0 27.0) 26.3 (25.7 t0 27.0)
Q4 21.91 26.0 (25.3 t0 26.7) 26.0 (25.3 t0 26.7)
P-trend* 0.76 0.79
Phthalic acid Q1 212 25.6 (24.8t026.4) 25.6 (24.8t026.4)
Q2 369 25.9 (25.2t026.7) 26.0 (25.3 t0 26.7)
Q3 641 25.8 (25.1 t0 26.6) 25.7 (25.0 t0 26.5)
Q4 1326 26.8 (26.1 to 27.6) 26.9 (26.1 to 27.7)
P-trend 0.03 0.02
MEP Q1 88 26.3 (25.6 t0 27.0) 26.3 (25.6 t0 27.0)
Q2 321 25.8 (25.2t0 26.5) 25.8 (25.1t026.4)
Q3 725 26.5(25.9t0 27.2) 26.6 (25.9 t0 27.2)
Q4 2198 25.9 (25.2 t0 26.6) 25.9 (25.2t0 26.5)
P-trend 0.52 0.53
MBzP Q1 20 26.4 (25.6 to 27.1) 26.5 (25.8t027.2)
Q2 47 26.0 (25.3 t0 26.6) 26.0 (25.3 t0 26.6)
Q3 90 26.6 (25.9 t0 27.3) 26.5 (259 t027.2)
Q4 252 25.6 (24.8 t0 26.3) 25.5(24.7t0 26.2)
P-trend 0.13 0.07
Sum butyl phthalates1 Q1 67 26.4 (25.6 to 27.1) 26.6 (25.8 t0 27.3)
Q2 140 26.8 (26.1t0 27.4) 26.6 (26.0 to 27.3)
Q3 249 25.8 (25.1t0 26.5) 25.8 (25.1t0 26.5)
Q4 481 25.6 (24.8 t0 26.3) 25.5(24.7t0 26.2)
P-trend 0.04 0.02
DEHP metabolites® Q1 115 26.2 (25.5t0 27.0) 26.2 (25.5t0 26.9)
Q2 204 26.5 (25.8 to 27.1) 26.5 (259 t027.2)
Q3 353 25.6 (24.9 t0 26.2) 25.6 (25.0 t0 26.3)
Q4 870 26.3 (25.5t0 27.0) 26.2 (25.4t0 26.9)
P-trend 0.95 0.82
Total phthalates3 Q1 500 26.6 (25.9t0 27.4) 26.7 (26.0 to 27.4)
Q2 962 25.9 (25.3 t0 26.6) 25.9 (25.2t0 26.5)
Q3 1688 26.0 (25.4t0 26.7) 26.1 (25.4t0 26.7)
Q4 4094 25.9 (25.2 t0 26.6) 25.8 (25.1t0 26.5)
P-trend 0.36 0.29

Conversion factor: BPA (nmol/L) x 0.228 = BPA (ug/L).

Numbers are least square means (95% CI) of baseline body mass index (kg/m?).

Model 1: adjusted for urinary creatinine concentration.

Model 2: adjusted for urinary creatinine concentration, cohort origin, age, smoking, physical activity, alcohol
consumption, AHEI, total energy intake.

" Include MBP and MiBP.

? Include MEHP, MEHHP, MCEPP, and MEOHP.

? Include MEP, MBzP, MBP, MiBP, MEHP, MEHHP, MCEPP, and MEOHP.

* P values for linear trend were obtained by including the median concentration of each quartile as continuous
variables in the regression models.
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Table 2.3 Prospective annual weight change rate by quartiles of urinary bisphenol A and
phthalates metabolite concentrations.

Median Weight change rate (kg/yr)
Chemical Quartile concentration
(nmol/L) Model 1 Model 2

BPA Q1 3.61 0.00 (Reference) 0.00 (Reference)
Q2 6.39 0.15 (0.00 to 0.31) 0.15 (-0.01 to 0.30)
Q3 10.48 0.19 (0.03 to 0.35) 0.19 (0.03 to 0.35)
Q4 21.91 0.22 (0.06 to 0.37) 0.22 (0.06 to 0.37)
P-trend" 0.03 0.02

Phthalic acid Q1 212 0.00 (Reference) 0.00 (Reference)
Q2 369 0.18 (0.00 to 0.35) 0.20 (0.03 to0 0.37)
Q3 641 0.19 (0.02 to 0.36) 0.20 (0.03 to0 0.37)
Q4 1326 0.32 (0.15 to 0.49) 0.32 (0.15 to 0.50)
P-trend 0.001 0.002

MEP Q1 88 0.00 (Reference) 0.00 (Reference)
Q2 321 -0.01 (-0.17 t0 0.15) -0.01 (-0.17 t0 0.14)
Q3 725 0.16 (0.00 to 0.32) 0.16 (0.00 to 0.32)
Q4 2198 0.07 (-0.09 to 0.22) 0.08 (-0.08 to 0.24)
P-trend 0.40 0.27

MBzP Q1 20 0.00 (Reference) 0.00 (Reference)
Q2 47 0.27 (0.12 t0 0.43) 0.29 (0.13 to 0.44)
Q3 90 0.34 (0.19 to 0.50) 0.33 (0.18 to 0.49)
Q4 252 0.42 (0.26 0 0.57) 0.41 (0.25 to 0.56)
P-trend <0.001 <0.001

Sum butyl phthalates' Q1 67 0.00 (Reference) 0.00 (Reference)
Q2 140 0.20 (0.04 to 0.35) 0.16 (0.00 to 0.32)
Q3 249 0.23 (0.08 to 0.39) 0.21 (0.05 to0 0.37)
Q4 481 0.36 (0.20 to 0.52) 0.33 (0.17 to 0.49)
P-trend <0.001 <0.001

DEHP metabolites” Q1 115 0.00 (Reference) 0.00 (Reference)
Q2 204 0.04 (-0.12 to 0.20) 0.03 (-0.13 t0 0.18)
Q3 353 0.28 (0.13 to 0.44) 0.27 (0.11 t0 0.43)
Q4 870 0.08 (-0.08 to 0.24) 0.09 (-0.07 to 0.24)
P-trend 0.51 0.40

Total phthalates’ Q1 500 0.00 (Reference) 0.00 (Reference)
Q2 962 0.08 (-0.08 to 0.24) 0.07 (-0.08 to 0.23)
Q3 1688 0.20 (0.05 to 0.36) 0.20 (0.04 to 0.36)
Q4 4094 0.16 (0.00 to 0.32) 0.18 (0.02 to 0.34)
P-trend 0.08 0.04

Conversion factor: BPA (nmol/L) x 0.228 = BPA (pg/L).
Numbers are adjusted prospective weight change rate (kg/year) and 95% CI, relative to the rate of individuals in the

Ist quartile.

Model 1: adjusted for urinary creatinine concentration.
Model 2: adjusted for urinary creatinine concentration, cohort origin, age, smoking, physical activity, alcohol
consumption, AHEI, total energy intake, and baseline body weight.

! Include MBP and MiBP.

? Include MEHP, MEHHP, MCEPP, and MEOHP.
? Include MEP, MBzP, MBP, MiBP, MEHP, MEHHP, MCEPP, and MEOHP.
* P values for linear trend were obtained by examining an interaction term between follow-up duration and median
concentration of the quartiles in the mixed-effects models.
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Table 2.4 Prospective annual weight change rate by quartiles of urinary bisphenol A and
phthalates metabolite concentrations by age at baseline.

Median Weight change rate (kg/yr)
Chemical Quartile concentration
(nmol/L) Age <53 Age > 53

BPA Q1 3.61 0.00 (Reference) 0.00 (Reference)
Q2 6.39 0.09 (-0.17 to 0.34) 0.15 (-0.04 to 0.33)
Q3 10.48 0.07 (-0.17 t0 0.31) 0.08 (-0.12 to 0.29)
Q4 21.91 0.14 (-0.11 t0 0.39) 0.08 (-0.12 to 0.28)
P-trend* 0.33 0.67

Phthalic acid Q1 212 0.00 (Reference) 0.00 (Reference)
Q2 369 0.21 (-0.04 to 0.45) 0.04 (-0.20 to 0.28)
Q3 641 0.18 (-0.06 to 0.43) 0.10 (-0.14 to 0.34)
Q4 1326 0.29 (0.06 to 0.52) 0.13 (-0.14 to 0.40)
P-trend 0.04 0.32

MEP Q1 88 0.00 (Reference) 0.00 (Reference)
Q2 321 -0.19 (-0.44 to0 0.05) 0.11 (-0.08 to 0.31)
Q3 725 0.02 (-0.21 to 0.26) 0.10 (-0.11 to 0.30)
Q4 2198 0.03 (-0.22 t0 0.27) 0.03 (-0.17 to 0.23)
P-trend 0.33 0.85

MBzP Q1 20 0.00 (Reference) 0.00 (Reference)
Q2 47 0.22 (-0.09 to 0.52) 0.10 (-0.08 to 0.27)
Q3 90 0.18 (-0.12 to 0.48) 0.05 (-0.15 to 0.25)
Q4 252 0.20 (-0.09 to 0.50) 0.24 (0.01 to 0.48)
P-trend 0.56 0.06

Sum butyl phthalates' Q1 67 0.00 (Reference) 0.00 (Reference)
Q2 140 -0.02 (-0.32 t0 0.27) 0.06 (-0.11 to 0.24)
Q3 249 -0.03 (-0.31 to 0.26) -0.03 (-0.23 t0 0.18)
Q4 481 0.08 (-0.21 to 0.36) 0.17 (-0.06 to 0.40)
P-trend 0.34 0.23

DEHP metabolites” Q1 115 0.00 (Reference) 0.00 (Reference)
Q2 204 0.02 (-0.23 t0 0.28) -0.03 (-0.22 to 0.15)
Q3 353 0.13 (-0.11 to 0.37) 0.26 (0.05 to 0.46)
Q4 870 -0.08 (-0.33 t0 0.17) 0.10 (-0.10 to 0.29)
P-trend 0.32 0.24

Total phthalates Q1 500 0.00 (Reference) 0.00 (Reference)
Q2 962 0.01 (-0.25 t0 0.26) 0.07 (-0.11 to 0.26)
Q3 1688 0.10 (-0.14 to 0.35) 0.10 (-0.10 to 0.29)
Q4 4094 0.10 (-0.15 t0 0.34) 0.07 (-0.14 to 0.27)
P-trend 0.41 0.61

Conversion factor: BPA (nmol/L) x 0.228 = BPA (pg/L).
Numbers are adjusted prospective weight change rate (kg/year) and 95% CI, relative to the rate of individuals in the

Ist quartile.

Model adjusted for urinary creatinine concentration, cohort origin, age, smoking, physical activity, alcohol
consumption, AHEI, total energy intake, and baseline body weight.

! Include MBP and MiBP.

? Include MEHP, MEHHP, MCEPP, and MEOHP.
? Include MEP, MBzP, MBP, MiBP, MEHP, MEHHP, MCEPP, and MEOHP.
* P values for linear trend were obtained by examining an interaction term between follow-up duration and median
concentration of the quartiles in the mixed-effects models.
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Table 2.5 Prospective annual weight change rate by quartiles of urinary bisphenol A and
phthalates metabolite concentrations by baseline BMI.

Median Weight change rate (kg/yr)
Chemical Quartile concentration
(nmol/L) Baseline BMI < 25 Baseline BMI > 25

BPA Q1 3.61 0.00 (Reference) 0.00 (Reference)
Q2 6.39 0.19 (0.01 to 0.38) 0.16 (-0.11 to 0.44)
Q3 10.48 0.21 (0.03 to 0.39) 0.20 (-0.08 to 0.49)
Q4 21.91 0.24 (0.06 to 0.43) 0.19 (-0.10 to 0.48)
P-trend" 0.04 0.30

Phthalic acid Q1 212 0.00 (Reference) 0.00 (Reference)
Q2 369 0.10 (-0.10 to 0.30) 0.28 (-0.04 to 0.60)
Q3 641 0.10 (-0.10 to 0.30) 0.31 (-0.02 to 0.63)
Q4 1326 0.21 (0.00 to 0.41) 0.49 (0.18 to0 0.81)
P-trend 0.06 0.006

MEP Q1 88 0.00 (Reference) 0.00 (Reference)
Q2 321 -0.17 (-0.35t0 0.01) 0.13 (-0.16 to 0.42)
Q3 725 -0.10 (-0.30 to 0.09) 0.36 (-0.16 to 0.42)
Q4 2198 -0.05 (-0.23 t0 0.13) 0.25 (-0.05 to 0.54)
P-trend 0.80 0.18

MBzP Q1 20 0.00 (Reference) 0.00 (Reference)
Q2 47 0.13 (-0.05 t0 0.31) 0.48 (0.21 to 0.75)
Q3 90 0.26 (0.07 to 0.45) 0.45 (0.19 t0 0.72)
Q4 252 0.29 (0.11 t0 0.47) 0.68 (0.39 to 0.96)
P-trend 0.006 0.0001

Sum butyl phthalates' Q1 67 0.00 (Reference) 0.00 (Reference)
Q2 140 0.16 (-0.03 to 0.35) 0.21 (-0.05 to 0.47)
Q3 249 0.15 (-0.04 to 0.32) 0.32 (0.05 to 0.60)
Q4 481 0.22 (0.04 to 0.41) 0.62 (0.33 to 0.90)
P-trend 0.04 <0.0001

DEHP metabolites” Q1 115 0.00 (Reference) 0.00 (Reference)
Q2 204 0.10 (-0.09 to 0.29) -0.02 (-0.29 to 0.26)
Q3 353 0.16 (-0.02 to 0.34) 0.48 (0.20 to 0.76)
Q4 870 0.09 (-0.10 to 0.28) 0.06 (-0.21 to 0.34)
P-trend 0.64 0.75

Total phthalates’ Q1 500 0.00 (Reference) 0.00 (Reference)
Q2 962 -0.05 (-0.24 t0 0.13) 0.27 (-0.01 to 0.54)
Q3 1688 -0.06 (-0.25 t0 0.12) 0.46 (0.19 to 0.73)
Q4 4094 0.05 (-0.13 to 0.24) 0.36 (0.08 to 0.64)
P-trend 0.35 0.04

Conversion factor: BPA (nmol/L) x 0.228 = BPA (ug/L).
Numbers are adjusted prospective weight change rate (kg/year) and 95% CI, relative to the rate of individuals in the

Ist quartile.

Model adjusted for urinary creatinine concentration, cohort origin, age, smoking, physical activity, alcohol
consumption, AHEI, total energy intake, and baseline body weight.

! Include MBP and MiBP.

? Include MEHP, MEHHP, MCEPP, and MEOHP.
? Include MEP, MBzP, MBP, MiBP, MEHP, MEHHP, MCEPP, and MEOHP.
* P values for linear trend were obtained by examining an interaction term between follow-up duration and median
concentration of the quartiles in the mixed-effects models.
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CHAPTER 3. Birth Weight, Mediating Biological Intermediates, and the
Development of Type 2 Diabetes Later in Life: a Prospective Study of

Multiethnic Women

3.1 Abstract

IMPORTANCE: Previous studies have associated low birth weight (LBW) with higher risk of
type 2 diabetes (T2D) although whether any of the established T2D biomarkers contribute to this
association remains unclear.

OBJECTIVE: To investigate the prospective relation between LBW and T2D and the mediation
effects of validated T2D biomarkers linking LBW to T2D risk.

DESIGN, SETTING, AND PARTICIPANTS: A prospective case-control study nested in the
Women’s Health Initiative Observational Cohort. The recruitment of participants started between
1993~1998 with a median follow-up period of 6 years. We measured baseline plasma biomarkers
of insulin resistance, leptin and its receptor, sex steroids and their binding protein, inflammation,
endothelial function, and cellular aging in 1259 incident T2D cases and 1790 matched controls.
EXPOSURE: LBW (<2.72 kg).

MAIN OUTCOMES AND MEASURES: Odds ratios for the LBW and T2D relation. The total
effect of LBW on T2D risk was partitioned into effects that were mediated by the specific
biomarkers (“indirect effect””) and effects that are through other mechanisms including as yet
unknown pathways (“direct effect”), using a counterfactual model based mediation analysis
strategy.

RESULTS: LBW was significantly associated with increased risk of T2D. Compared to women

with birth weight between 3.63~4.54 kg, women with LBW (<2.72 kg) had a multivariable-
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adjusted odds ratio of 2.15 (95% CI, 1.54 to 3.00). Insulin resistance [indicated by homeostatic
model assessment — insulin resistance (HOMA-IR)] mediated 47% of total effect (95% CI, 0 to
123%). Decreased sex hormone-binding globulin (SHBG) concentration accounted for 24%
(95% CI, 5 to 51%), elevated E-selectin concentration accounted for 25% (95% CI, 5 to 63%),
and increased systolic blood pressure accounted for 8% (95% CI, 2 to 19%) of the total effect of
LBW on T2D risk.

CONCLUSIONS AND RELEVANCE: LBW is directly predictive of higher risk of T2D later
in life. The effect of LBW on T2D risk seems mainly mediated by insulin resistance, which is
further explained by circulating levels of SHBG, E-selectin, and systolic blood pressure. These
prospective data provide quantifiable mechanistic evidence linking LBW to increased risk of
T2D whilst presenting risk stratification and intervention in a population at greater risk of

developing T2D later in life.
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3.2 Introduction

Previous prospective studies have shown that low birth weight (LBW), an indicator of
intrauterine growth restriction, was predictive of higher risk of type 2 diabetes (T2D) in
adulthood**. Impairments in “fetal programming”, as reflected by LBW, promote adverse effects
on physiology, metabolism, and hormonal function during critical phases of fetal development™.
Insulin insensitivity has been speculated as in mechanistic pathways by which LBW leads to
T2D'. In previous studies, birth weight was associated with alteration in biomarkers of insulin

12-14

. .15 - . . .
resistance'>'*, cellular aging'”, inflammation'®, endothelial dysfunction'”'®, blood pressure'”,

2023 all of which increase the risk

obesity'°, and sex steroid hormones and their binding proteins
of T2D. However, how much each of these biomarkers contributes to the LBW-T2D relation
remains unknown.

An improved understanding of the mechanisms through which LBW may influence T2D
risk may improve clinical risk stratification and intervention of the disease. For instance, an
accurate assessment of the specific biomarker mediating the LBW-T2D relation is helpful in
monitoring or preventing the development of T2D for those who had suffered from LBW. Herein
we used the newly developed statistical methodology to quantify potential mediators of
biological significance that may link LBW to increased T2D risk later in life. Specifically, using
mediation modeling, we comprehensively assessed the effect of LBW on T2D risk that is
explained by potential mediators, including validated biomarkers of insulin resistance, leptin and

its receptor, sex steroid hormones and their binding protein, inflammation, endothelial function,

cellular aging, and blood pressure.
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3.3 Methods
3.3.1 Study population

The Women's Health Initiative (WHI) is a long-term study focused on strategies for
preventing chronic diseases in postmenopausal women. The original WHI study included
161,808 postmenopausal women enrolled between 1993 and 1998. The WHI has two major
components: Clinical Trial (CT) and Observational Study (OS) — both were conducted at 40
Clinical Centers nationwide. We investigated participants in the OS, which examined the
relationship between lifestyle, environmental, medical, and molecular risk factors and specific
measures of health or disease outcomes. This WHI-OS involves tracking the medical history and
health habits of 93,676 women not participating in the CT. The current study was built on a
series of prospective case-control studies we have completed previously to investigate the
association between different biomarkers and risk of T2D in WHI-OS**">7"*° in which the
measurements of blood biomarkers were available. The study was reviewed and approved by
human subjects review committees at each participating institution, and signed informed consent
was obtained from all women enrolled.
3.3.2 Ascertainment of incident diabetes

Participants in WHI-OS were followed by annual mailed questionnaires and an additional
clinical center visit for physical measurements 3 years after enrollment. Of the 93,676
postmenopausal women enrolled into the WHI-OS cohort, 82,069 (87.6%) women had no prior
history of diabetes or CVD. Incident cases of diabetes were identified based on post-baseline
self-report of first-time use of hypoglycemic medication (oral hypoglycemic agents or insulin)
during a median follow-up period of 6 years. Self-reported diabetes validated against medication

histories yielded a positive predictive value of 72% and negative predictive values of >99.9%'®.
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Following the principle of risk-set sampling, for each incident case, appropriate control subjects
were selected at random from women who remained free of CVD and/or diabetes at the
diagnosed time in the case patient. Control participants were matched to the incident cases by
age, race/ethnicity, clinical center, time of blood draw, and length of follow-up.

3.3.3 Measurement of birth weight and covariates

WHI participants were asked questions regarding their own birth weight (4 categories:
<2.72 kg, 2.72 kg to 3.63 kg, 3.63 kg to 4.54 kg, >4.54 kg). LBW was defined as a birth weight
less than 2.72 kg (6 1bs.). We excluded women who reported that they were born pre-term, or a
multiple (twin, triplet, or quadruple).

Self-administered questionnaires were used to collect information on demographic
characteristics and lifestyle factors at study entry into the WHI. Participants were categorized
into “never smokers,” “former smokers,” and “current smokers” according to their smoking
history. Alcohol and total energy intakes were calculated from food frequency questionnaires.
Body weight, height, and waist and hip circumferences were measured at baseline entry into the
WHI. Body mass index (BMI) was calculated as body weight (kg) divided by height (m) squared,
and waist-to-hip ratio (WHR) was calculated as waist circumference divided by hip
circumference. The level of physical activity in metabolic equivalent hours per week was
estimated on the basis of self-reported duration of different types of exercise, weighted by
intensity levels. Blood pressure was measured using standardized procedures and instruments at
the WHI enrollment visit.

3.3.4 Measurement of biomarkers
Fasting blood samples were collected at study entry into the WHI. Details of the

80,157-159

biomarker assays have been described elsewhere (also see Appedix). In brief, fasting
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plasma glucose and high-sensitivity C-reactive protein (hsCRP) were measured on a Hitachi 911
chemistry analyzer. We used enzyme-linked immunosorbent assays to measure plasma
concentrations of fasting insulin, leptin, soluble leptin receptor, tumor necrosis factor o receptor

2 (TNF-a—R2), interleukin 6 (IL-6), soluble E-selectin, intercellular adhesion molecule 1
(ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1). Plasma concentrations of estradiol,
testosterone, and sex-hormone binding globulin (SHBG) were measured by
electrochemiluminescence immunoassays. Leukocyte telomere length was measured using a
real-time PCR-based method.

3.3.5 Statistical analysis

Baseline characteristics were summarized according to T2D case and control status. The
distributions of all the potential intermediate variables were summarized according to birth
weight. Categorical variables were shown as percentage; normal-distributed continuous variables
were shown as mean (standard deviation); non-normal-distributed continuous variables were
shown as geometric mean (95% confidence interval).

We excluded 167 participants with missing information on family history of diabetes. In
all regression models, missing values of other covariates were imputed using median values
(95.8% of the participants had no missing covariates besides family history of diabetes; 3.84%
had one, and 0.37% had 2~4 missing covariates). Logistic regression was used to assess the
association between birth weight and T2D risk. Our primary goal was to estimate the “indirect
effect” of LBW on T2D risk, which is mediated by specific biomarkers after accounting for
potential confounding by measured covariates (Figure 3.1 shows the potential causal structure in
the current study). Two sets of confounders were considered: the first set (C;) was determined

before birth, including race/ethnicity (white, black, Hispanic, or Asian/Pacific Islander) and
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family history of diabetes (yes or no); the second set (C,) was determined after birth, including
age (6 categories), smoking (3 categories), alcohol consumption (6 categories), physical exercise
(5 categories), dietary fiber intake (4 categories), dietary glycemic load (4 categories), and BMI
(6 categories). Linear regression was used to model biomarker concentrations by terms of birth
weight and potential confounders, and logistic regression was used to model T2D status. The
linear regression for biomarkers was weighted by n/p for cases and by (1-m)/(1-p) for controls to
account for our case-control sampling strategy'®', where 7 denotes population prevalence of T2D
and p denotes the proportion of cases in the current study. All the intermediate variables were
log-transformed and then standardized using the mean and standard deviation of the control
population (systolic and diastolic blood pressure were not log-transformed because of the
normality of their distributions). After these transformations, the distributions of intermediate
variables were close to normal. The regression for biomarkers and the regression for T2D risk
were integrated to obtain both direct and indirect effects using odds ratios (OR) for mediation
analysis for a dichotomous outcome as proposed by VanderWeele et al.'®'. The “indirect effect”
was the OR for T2D for those who had LBW comparing the risk if the biomarker levels were
what it would have been with low versus normal birth weight, i.e. the effect that is mediated by
the specific biomarker. The “direct effect” was the OR for T2D among persons who had LBW
versus those who had normal birth weight if the biomarker levels were what it would have been
with normal birth weight, i.e. the effect that was through all other mechanisms besides the
specific biomarker including as yet unknown pathways. The proportion of mediating effects was
calculated in the risk difference scale following ORgirect X (ORindirect = 1) / (OR4irect X ORindirect - 1).
95% confidence intervals (CIs) of direct effects, indirect effects, and proportions mediated were

obtained via bootstrapping. P values for multiplicative interaction were obtained using Wald test
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of the interaction coefficient in the logistic regression. All the statistical analyses were conducted

using SAS 9.3 (SAS Institute Inc., Cary, NC).

3.4 Results

A total of 1259 T2D cases and 1790 controls were included in the current study, although
the actual number of participants entered in the analyses differed by specific biomarkers. T2D
cases had a higher prevalence of traditional diabetes risk factors at baseline than controls (Table
3.1): They tended to be older, smokers, less physically active, overweight or obese, and had a
family history of diabetes. Women with incident T2D had significantly higher levels of HOMA-
IR, leptin, free estradiol, total and free testosterone, TNF-a-R2, IL-6, hsCRP, E-selection,
ICAM-1, VCAM-1, and systolic blood pressure at baseline, whereas the controls had
significantly higher levels of HOMA-p, soluble leptin receptor, SHBG, and leukocyte telomere
length. The proportion of women with LBW was significantly higher in incident T2D cases than
in controls (P =0.01).

LBW women had higher levels of HOMA-IR, HOMA-f, soluble leptin receptor, E-
selectin, leukocyte telomere length, and systolic blood pressure, and lower levels of leptin, total
and free estradiol, total testosterone, SHBG, TNF-a-R2, IL-6, and hsCRP (Table 3.2). LBW was
significantly associated with an increased risk of T2D (P-trend<0.001, Figure 3.2). Compared to
women with a birth weight between 3.63~4.54 kg, LBW women had a multivariable-adjusted
OR 0of 2.15 (95% CI, 1.54 to 3.00). We did not observe significant interaction between any of the
mediators with LBW (Table 3.3). Thus, models assuming no interaction between exposure and
mediators were adopted. Four of the biomarkers (HOMA-IR, SHBG, E-selectin, and systolic

blood pressure) in our study mediated relatively minor to moderate amounts of the total effect.
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Insulin resistance (indicated by HOMA-IR), being a necessary cause of T2D, mediated
47% of the total effect (95% CI, 0 to 123%). As the indicator of abdominal obesity, WHR is a
direct risk factor of insulin resistance, mediating 14% of the total effect (14%; 95% CI, -9 to
37%). In contrast, the effect of LBW on T2D risk mediated by B-cell function seemed to be in
the opposite direction, although it did not reach statistically significance (OR = 0.93; 95% CI,
0.84 to 1.03).

SHBG levels significantly mediated the LBW-T2D relation (OR = 1.16; 95 CI: 1.03,
1.33) accounting for 24% (95% CI, 5 to 51%) of the total effect of LBW on T2D. In contrast,
neither estradiol nor testosterone mediated any significant amount of the total effect. E-selectin
also accounted for 25% (95% CI, 5 to 63%) of the total effect of LBW on T2D (OR of indirect
effect = 1.12; 95% CI: 1.02, 1.23), but other markers of endothelial function (ICAM-1 and
VCAM-1) did not quantitatively account for the effect of LBW on T2D. The indirect effect that
was mediated by systolic blood pressure was significant (OR = 1.03; 95% CI, 1.01, 1.07),
although it only mediated 8% (95% CI, 2 to 19%) of the total effect. Diastolic blood pressure did
not explain the total effect. In total, SHBG, E-selectin, and systolic blood pressure mediated 32%
of the total effect of LBW on T2D risk (95% CI, 12 to 72%). Leptin, soluble leptin receptor,
inflammation markers (TNF-a-R2, IL-6, and hsCRP), and leukocyte telomere length did not
mediate any significant amount of the total effect of LBW on T2D. When we used HOMA-IR
and HOMA-J as the outcomes (Table 3.4), SHBG, E-selectin, and systolic blood pressure
explained 33%, 28%, and 13% of the total effect on insulin resistance due to LBW, respectively.
In contrast, none of these biomarkers appeared to mediate a significant amount of the effect on -
cell function. In a sensitivity analysis using traditional “difference” method comparing the

regression coefficients of the models with and without the specific biomarkers as mediators, the
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proportions appeared in the same directions although the magnitudes varied (20% for SHBG,

26% for E-selection, and 11% for systolic blood pressure).

3.5 Discussion

In this prospective study among US women, we confirmed that LBW significantly
increased T2D risk later in life. Further, we found that mainly insulin resistance mediated a
considerable amount of the total effect on T2D risk due to LBW. This effect was further
mediated by low SHBG concentration, elevated blood E-selectin, and increased systolic pressure.
B-cell function, in contrast, may counteract a portion of the effect on T2D risk due to LBW that
acts through insulin resistance, although this effect was not statistically significant.

Both animal and human studies have consistently observed significant associations
between LBW — a result and surrogate of early nutrition inadequacy — and higher T2D risk. A
systematic review of previous population studies investigating this relationship found that, in
most populations studied, birth weight was inversely associated to T2D risk, and the pooled OR
for T2D was 0.75 (95% CI, 0.70 to 0.81) per kg**. Although an appreciable number of studies
have supported this inverse association, the potential mechanisms remain unknown'®*, To
examine the potential influence of excluding prevalent cases at baseline on the estimates of the
association between birth weight and T2D risk, we also modeled the relationship of birth weight
to prevalent T2D cases among the whole WHI-OS cohort (unpublished data by Ryckman et al.).
We observed similar inverse associations as with the incident cases (P for trend < 0.001).

Previous studies indicate that the increased susceptibility of T2D may be predominantly

163

determined by epigenetic variations in early life *°. Nonetheless, proximal mediators of the

effect, i.e. changes of T2D-related biomarkers before onset of the disease, is more relevant to
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targeted T2D prevention among LBW persons yet this topic remains understudied. Statistical

164,165

analysis of mediation was first proposed in psychological and social sciences and has been

further developed in the framework of causal analysis'®"'%°

. Under appropriate causal structures
justified by substantive scientific knowledge, mediation analysis measures the extent that
specific intermediate factors contribute to the total effect of an exposure on an outcome of
interest, thus addressing directly the questions of how and why the specific exposures and
outcomes of interest are related'®"'*. Our study evaluated the potential mediation effects of
validated T2D biomarkers, and observed several biomarkers that may be partially determined by
birth weight and also predict T2D risk later in life.

Insulin resistance is a characteristic underpinning for T2D pathogenesis and a defining
feature of metabolic syndrome. Previous studies have associated several surrogate markers of
insulin resistance with LBW'?. Animal work has shown that insufficient intrauterine nutrition
may lead to growth retardation characterized by diminished skeletal muscle mass and fewer
insulin-producing pancreatic islets — both observations highly correlated respectively with insulin
resistance and B-cell dysfunction in adulthood'®’. Our data appear to indicate that insulin
resistance, rather than B-cell function, may play a more significant mediating effect on T2D risk
due to LBW, though our assessment of B-cell function using HOMA-3 model may be less than
ideal in assessing B-cell function.

Hepatokines, proteins that are exclusively or predominantly secreted by the liver, were
known to directly affect glucose metabolism'**'®. SHBG may be yet another important

hepatokines'”’ in the regulation of glucose homeostasis™'"'

. Recent prospective studies have
identified SHBG as an independent risk factor of T2D***. In three prospective cohorts of men

and women, we have consistently observed that higher concentration of plasma SHBG was
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predictive of considerable lower risk of T2D**®. Several germ-line mutations in the SHBG gene
were also identified for T2D susceptibility™. Individuals born with LBW tend to have lower
levels of plasma SHBG***. In the current study, we confirmed that decreased SHBG
concentration explained approximately one quarter of the total effect due to LBW.

Endothelial dysfunction, measured by circulating E-selectin and ICAM-1 concentrations,
has been associated with insulin resistance*>* and also elevated T2D risk'*®. LBW was
associated with endothelial dysfunction measured by ultrasonic-based approach in different

. 17,18
populations'"'®.

E-selectin is arguably a more sensitive and robust biomarker of early endothelial
dysfunction given its exclusive expression in endothelial cells, compared to other biomarkers of
endothelial function'”?. However, no previous studies have reported the association between
birth weight and E-selectin concentration. In the current study, E-selectin concentration was
significantly higher in LBW women than normal birth weight counterparts. In addition, we
observed that increased E-selectin concentration accounted for 25% of the total effect on T2D
risk due to LBW. High blood pressure was also shown to be associated with endothelial
dysfunction' . In addition, high blood pressure is regarded as an important component of the
metabolic syndrome, and is often concomitant with the presence of T2D. However, high blood
pressure was also found to be a strong predictor of T2D, independent of traditional risk factors of

T2D and antihypertensive medication'”*'”

. In the current study, we found that systolic blood
pressure was significantly elevated in LBW compared with normal birth weight women.
Moreover, increased systolic blood pressure explains a moderate but significant amount of the
total effect of LBW on T2D risk.

Several issues of our study are worthy of further discussion. First, self-report of LBW

may have measurement errors. However, previous work has shown that self-reported birth
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weight was correlated reliably with that from birth certificates (7=0.64 to 0.83)'"*'"". Moreover,
characterizing birth weight data into a LBW vs. normal birth weight group may further reduce
the probability of misclassification (as opposed to treating birth weight as a continuous variable
in previous reliability studies). Second, the validity of our study is based on the assumption that
we have sufficiently controlled the confounding of the exposure-mediator, exposure-outcome,
and mediator-outcome relationships. To the extent possible, we have included all the possible
covariates that may confound these relationships. Also, we have grouped all the covariates into
multiple categories to avoid residual confounding due to potential nonlinear relationships.
Finally, we used the novel counterfactual model-based mediation analysis over the traditional
method that compares differences of the regression coefficients between the models with and
without the mediators. The traditional “difference method” cannot address the issues due to
noncollapsibility when logistic regression models are used'’*, whereas the method we chose
models the association between exposure and mediator separately to circumvent the problem of
noncollapsibility.

In the current study, we confirmed that LBW was consistently associated with increased
risk of T2D later in life in a multiethnic population of women. In addition, we found that the total
effect of LBW on risk of T2D is mainly mediated by insulin resistance which is further explained
by circulating levels of SHBG, E-selectin, and systolic blood pressure. These prospective data
provide quantifiable mechanistic evidence linking LBW to increased risk of T2D whilst
presenting risk stratification and intervention in a population at greater risk of developing T2D

later in life.
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3.6 Tables and Figures

Table 3.1 Baseline Characteristics of Participants According to Type 2 Diabetes

Case/Control Status.
Characteristic T2D Cases (n = 1259) Controls (n = 1790) p
Low birth weight®, n (%) 149 (11.8) 162 (9.1) 0.01
Age, mean (SD), y 62.6 (6.9) 62.0 (7.0) 0.03
Genetic influence
Family history of diabetes, n (%) 673 (56.7) 612 (36.1) <0.001
Race/ethnicity, n (%) <0.001
White 792 (62.9) 834 (46.6)
Black 286 (22.7) 588 (32.9)
Hispanic 110 (8.7) 234 (13.1)
Asian/Pacific Islander 71 (5.6) 133 (7.4)
Behavioral factors
Smoking, n (%) 0.003
Never 605 (48.7) 972 (55.0)
Former 532 (42.8) 669 (37.8)
Current 106 (8.5) 128 (7.2)
Alcohol consumption, n (%) 0.002
Never 199 (16.0) 264 (14.8)
Former 324 (26.0) 377 (21.1)
Current 723 (58.0) 1143 (64.1)
Physical exercise, geometric mean (95%
CI), MET-h/wk 7.89 (7.36-8.46) 9.69 (9.19-10.22) <0.001
. . . 0
ggtag% fiber intake, geometric mean (9% 14.2 (13.8-14.6) 13.9 (13.5-14.2) 023
g‘;&rélg)lycemw load, geometric mean 90.9 (88.4-93.5) 86.6 (34.6-88.7) 0.01
BMI, geometric mean (95% CI), kg/m2 31.7 (31.3-32.0) 26.9 (26.7-27.2) <0.001
Biomarkers
Insulin sensitivity and B-cell function,
geometric mean (95% CI)
WHR 0.86 (0.86-0.87) 0.80 (0.79-0.80) <0.001
HOMA-IR 3.91(3.73-4.10) 1.50 (1.45-1.55) <0.001
HOMA-B 69.9 (66.5-73.4) 83.9 (81.4-86.4) <0.001
Leptin and leptin receptor, geometric mean
(95% CI)
Leptin, ng/mL 29.1 (27.1-31.1) 22.8(21.7-24.1) <0.001
Soluble leptin receptor, ng/mL 32.0(31.1-33.0) 33.6 (33.0-34.3) 0.007
Sex steroids and SHBG, geometric mean
(95% CI)
Total estradiol, pg/mL 20.5 (18.7-22.5) 19.8 (18.4-21.3) 0.54
Free estradiol, pg/mL 0.29 (0.27-0.32) 0.22 (0.20-0.23) <0.001
Total testosterone, ng/dL 11.6 (10.6-12.7) 8.9 (8.4-9.6) <0.001
Free testosterone, ng/dL 0.12 (0.10-0.13) 0.06 (0.06-0.07) <0.001
SHBG, nmol/L 45.4 (42.6-48.3) 74.0 (71.0-77.2) <0.001
Inflammation, geometric mean (95% CI)
TNF-0-R2, pg/mL 2660 (2610-2710) 2350 (2320-2390) <0.001
1L-6, pg/mL 2.94 (2.80-3.10) 1.76 (1.68-1.83) <0.001
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hsCRP, mg/L 0.40 (0.37-0.43) 0.19 (0.18-0.21) <0.001
Endothelial dysfunction, geometric mean
(95% CI)

E-selectin, ng/mL 48.3 (46.7-49.9) 34.3(33.4-35.2) <0.001

ICAM-1, ng/mL 320 (313-327) 268 (263-274) <0.001

VCAM-1, ng/mL 750 (732-767) 668 (656-680) <0.001
Cellular aging, geometric mean (95% CI)

Leukocyte telomere length, kb 3.68 (3.60-3.76) 3.87 (3.80-3.94) <0.001
Blood pressure, mean (SD)

Systolic blood pressure, mmHg 132 (17) 127 (18) <0.001

Diastolic blood pressure, mmHg 77 (10) 76 (9) 0.05

Abbreviations: BMI, body mass index; HOMA-f, homeostatic model assessment-f cell function; HOMA-IR,
homeostatic model assessment-insulin resistance; hsCRP, high-sensitivity C-reactive protein; ICAM-1, intercellular
adhesion molecule-1; IL-6, interleukin 6; MET-h, metabolic equivalent hours; SHBG, sex hormone-binding
globulin; TNF-0-R2, tumor necrosis factor a receptor 2; VCAM-1, vascular cell adhesion molecule-1; WHR, waist-
to-hip ratio.

® P values were obtained from y” tests for categorical variables, from Student’s ¢-tests for continuous variables.

® Low birth weight: self-reported birth weight<2.72 kg (6 Ibs.).
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Table 3.2 Characteristics of Type 2 Diabetes-Related Biomarkers According to Birth
Weight Groups in the Control Population.

. Low birth weight” Normal birth weight L
Variable (n=162) (n=1628) F
Insulin sensitivity and B-cell function,
geometric mean (95% CI)
WHR 0.80 (0.79-0.81) 0.79 (0.79-0.80) 0.30
HOMA-IR 1.56 (1.39-1.76) 1.49 (1.44-1.55) 0.44
HOMA-B 87.9 (79.1-97.6) 83.5(80.9-86.1) 0.34
Leptin and leptin receptor, geometric mean
(95% CI)
Leptin, ng/mL 20.2 (17.1-24.0) 23.2 (22.0-24.5) 0.10
Soluble leptin receptor, ng/mL 34.0 (31.9-36.2) 33.6 (33.9-34.3) 0.74
Sex steroids and SHBG, geometric mean
(95% CI)
Total estradiol, pg/mL 16.7 (13.5-20.8) 20.2 (18.7-21.8) 0.10
Free estradiol, pg/mL 0.20 (0.16-0.24) 0.22 (0.21-0.24) 0.23
Total testosterone, ng/dL 8.20 (6.74-9.98) 9.04 (8.42-9.72) 0.36
Free testosterone, ng/dL 0.06 (0.05-0.08) 0.06 (0.06-0.07) 0.91
SHBG, nmol/L 67.3 (59.2-76.6) 74.9 (71.7-78.3) 0.11
Inflammation, geometric mean (95% CI)
TNF-a-R2, pg/mL 2340 (2220-2470) 2360 (2320-2400) 0.83
IL-6, pg/mL 1.71 (1.49-1.97) 1.76 (1.68-1.84) 0.72
hsCRP, mg/L 0.18 (0.14-0.23) 0.20 (0.18-0.21) 0.49
Endothelial dysfunction, geometric mean
(95% CI)
E-selectin, ng/mL 38.1(34.3-42.4) 33.9 (33.0-34.9) 0.02
ICAM-1, ng/mL 263 (248-280) 269 (263-275) 0.52
VCAM-1, ng/mL 658 (620-697) 669 (657-681) 0.60
Cellular aging, geometric mean (95% CI)
Leukocyte telomere length, kb 4.06 (3.84-4.28) 3.85(3.78-3.92) 0.09
Blood pressure, mean (SD)
Systolic blood pressure, mmHg 131 (19) 127 (17) 0.01
Diastolic blood pressure, mmHg 77 (9) 76 (9) 0.07

* Low birth weight: self-reported birth weight<2.72 kg (6 1bs.).
® P values were obtained from Student’s ¢-tests.
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Table 3.3 Direct and Indirect Effects of Low Birth Weight on Type 2 Diabetes Risk Later
in Life with Mediation of Established Biomarkers.

Effect decomposition®

Proportion mediated*

Mediator " Direct effect” Indirect effect’ (%)
Insulin sensitivity and B-cell
function
WHR 3033 1.61 (1.22 to 2.17) 1.06 (0.97 to 1.16) 14 (-9 to 37)
HOMA-IR 2379 1.32 (0.95 to 1.88) 1.22 (1.02 to 1.49) 47 (0 to 123)
HOMA-B 2379 1.86 (1.34 to 2.64) 0.93 (0.84 to 1.03) --°
Leptin and leptin receptor
Leptin 1312 2.17 (1.44 to 3.35) 0.99 (0.95 to 1.01) --
Soluble leptin receptor 1312 2.17 (1.41 to 3.35) 0.99 (0.96 to 1.01) --
Sex steroids and SHBG
Total estradiol 1311 2.16 (1.41 to 3.35) 1.00 (0.97 to 1.02) 0(-7to4)
Free estradiol 1311 2.16 (1.42 to 3.39) 1.00 (0.94 to 1.05) --
Total testosterone 1311 2.16 (1.40 to 3.39) 1.00 (0.94 to 1.06) --
Free testosterone 1311 2.11 (1.38 t0 3.30) 1.05 (0.95to 1.17) 8 (-10t0 29)
SHBG 1311 1.97 (1.25 to 3.10) 1.16 (1.03 to 1.33) 24 (5to 51)
Inflammation
TNFoa-R2 2370 1.65 (1.17 to 2.29) 1.01 (0.97 to 1.05) 3 (-10to 15)
IL6 2376 1.63 (1.15 to 2.31) 1.01 (0.95 to 1.07) 2 (-16 to 21)
hsCRP 2384 1.64 (1.17 to 2.31) 1.01 (0.95 to 1.08) 3 (-16 to 23)
Endothelial function
E-selectin 2372 1.56 (1.10 to 2.21) 1.12 (1.02 to 1.23) 25 (5to 63)
ICAM-1 2354 1.67 (1.19 to 2.40) 0.99 (0.91 to 1.07) --
VCAM-1 2377 1.68 (1.20 to 2.36) 0.99 (0.93 to 1.04) --
Cellular aging
Leukocyte telomere length 3028 1.68 (1.29 to 2.27) 0.99 (0.96 to 1.01) --
Blood pressure
Systolic 3048 1.61 (1.25 to 2.16) 1.03 (1.01 to 1.07) 8 (2to 19)
Diastolic 3046 1.65 (1.28 to 2.22) 1.00 (0.98 to 1.01) --

* Effects are shown as odds ratios (95% confidence intervals). Confidence intervals were calculated using
bootstrapping. Models were adjusted for age, race/ethnicity, cigarette smoking, alcohol consumption, physical
activity, dietary fiber intake, dietary glycemic load, BMI, and family history of diabetes.

" O0dds ratio for T2D among persons who had low birth weight versus those who had normal birth weight if the
biomarker levels were what it would have been with normal birth weight.

¢ Odds ratio for T2D for those who had low birth weight comparing the risk if the biomarker levels were what it
would have been with low versus normal birth weight.

4 Proportion of the total effects that are mediated by the mediators.

¢ Proportion mediated is undefined because the point estimate of the mediated effect (“indirect effect”) is not in the
same direction as the total effect.
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Table 3.4 Proportion of Effects of Low Birth Weight on Insulin Resistance and p-Cell

Function Mediated by Established Biomarkers
Proportion mediated” (%):  Proportion mediated (%): B-

Insulin resistance cell function

Leptin and leptin receptor

Leptin 15 (-45to 124) 58 (-305 to 482)

Soluble leptin receptor 12 (-37t0 92) 37 (-265 to 412)
Sex steroids and SHBG

Total estradiol 0(-10to 11) 1 (-34 to 30)

Free estradiol =P --

Total testosterone -- --

Free testosterone 6 (-21 to 63) --

SHBG 33 (-233 t0 228) 6 (-65 to 90)
Inflammation

TNFa-R2 2 (-10to 19) 0(-5t0 8)

IL6 2 (-26 to 28) 1 (-31 to 49)

hsCRP 2 (-19 to 23) 1 (-21 to 26)
Endothelial function

E-selectin 28 (3to 131) 4 (-12 to 32)

ICAM-1 -- 0(-5t0 8)

VCAM-1 0 (-5to0 6) 4 (-30 to 55)
Cellular aging

Leukocyte telomere length -- --
Blood pressure

Systolic 13 (2to 63) 10 (-25 to 95)

Diastolic 7 (-1 to 43) 9 (-30 to 77)

* Proportion of the total effects that are mediated by the mediators.
® Proportion mediated is undefined because the point estimate of the mediated effect (“indirect effect”) is not in the
same direction as the total effect.
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Figure 3.1 Causal diagram hypothesized for mediation and confounding characterizing the
relation between low birth weight and type 2 diabetes risk later in life.

C1 represents the potential confounders that occurred before birth (race/ethnicity and family
history of diabetes), and C2 indicates the potential confounders that occurred after birth (age,
smoking, alcohol consumption, physical exercise, total fiber intake, dietary glycemic load, and
BMI).
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FIGURE 3.2 Association between birth weight and type 2 diabetes risk later in life.
Women with birth weight between 3.63~4.54 kg served as the reference group. Logistic
regression model was adjusted for cigarette smoking, alcohol consumption, physical activity,
dietary fiber intake, dietary glycemic load, BMI, and family history of diabetes. Dots indicate
point estimates of odds ratios, and bars indicate 95% confidence intervals.
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3.7 Appendix: Measurement of blood biomarkers

Fasting serum specimens collected at baseline from each participant were processed
locally, frozen, and then shipped to a central repository, where they were stored at -80 °C. All
biochemical assays were processed in random order by laboratory staff blinded to case status.
Samples from cases and their matched controls were handled identically, shipped in the same
batch, and assayed in the same analytical run to reduce systematic bias and interassay variation.
Fasting glucose was measured enzymatically on a chemistry analyzer (Hitachi 911) using
reagents from Roche Diagnostics (Indianapolis, IN). Fasting insulin concentrations were
determined by an ultrasensitive enzyme-linked immunosorbent assay from ALPCO Diagnostics
(Windham, NH). The coefficients of variation (CVs) were 1.7% for fasting glucose and 5.7% for
fasting insulin. The homeostatic model assessment of insulin resistance (HOMA-IR) and the
homeostatic model assessment of § cell function (HOMA-B) were computed from the
mathematical approximation equations originally described by Matthews et al.'”’.

Circulating leptin and soluble leptin receptor were measured by enzyme-linked
immunosorbent assay (R&D Systems; Minneapolis, MN). To assess the interbatch variability,
high and low control samples of leptin and soluble leptin receptor were run in duplicate.
Coefficients of variation were 9.5% for leptin and 7.4% for soluble leptin receptor.

Plasma concentrations of estradiol, testosterone, and sex-hormone binding globulin
(SHBG) were measured by electrochemiluminescence immunoassays on the Elecsys 2010
immunoanalyzer (Roche Diagnostics, Indianapolis, IN, USA). Competitive immunoassays were
used to measure estradiol and testosterone, whereas a sandwich format was used to measure
SHBG. Standardized, quality control serum samples (Liquichek Immunoassay Plus Control, Bio-

Rad Laboratories, Hercules, CA, USA) were run with each batch for quality control and
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evaluation of inter-batch variability. Free estradiol and free testosterone were calculated using

180 181
1. 1.

the methods described by Vermuelen et al. ™ and Sodergard et al. "', which have been
previously validated in postmenopausal women'**'**. CVs on quality control samples run on
separate days were 5.4% for SHBG, 10.3% for total testosterone, and 12.4% for total estradiol.

Tumor necrosis factor a receptor 2 (TNF-0—R2) was measured by an enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, Minnesota). Interleukin 6 (IL-6) was
measured by an ultrasensitive enzyme-linked immunosorbent assay (R&D Systems). High-
sensitivity C-reactive protein (hsCRP) was measured on a chemistry analyzer (Hitachi 911;
Roche Diagnostics, Indianapolis, Indiana) using reagents and calibrators from Denka Seiken Co
Ltd (Niigata, Japan). Soluble E-selectin, intercellular adhesion molecule 1 (ICAM-1), and
vascular cell adhesion molecule 1 (VCAM-1) were measured by an enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, MN). The CVs were 3.5% for TNF-0—R2,
7.6% for IL-6, 1.61% for hsCRP, 6.5% for E-selectin, 6.7% for ICAM-1, and 8.9% for VCAM-
1.

For leukocyte telomere length measurement, we applied the method proposed by
O’Callaghan et al."™ in a high-throughput 384-well format using Applied Biosystems 7900HT
PCR System (Applied Biosystems by Life Technologies Corporation, Carlsbad, CA). Average
telomere length per chromosome was calculated by the following formula: (telomere

length/copies of diploid genome)/(23%2). The overall intraplate and interplate CVs of the

telomere assays were 0.8% and 5.7%, respectively.
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CHAPTER 4. Relations of Sex Hormone Levels and Leukocyte Telomere
Length in Black, Hispanic, and Asian/Pacific Islander Postmenopausal

Women

4.1 Abstract

Context: Sex hormones may play important roles in sex-specific biological aging.

Objective: We specifically examined the associations between circulating concentrations of sex
hormones and leukocyte telomere length (TL).

Research Design and Methods: We conducted a cross-sectional study of 1124 black, 444
Hispanic, and 289 Asian/Pacific Islander women in the Women’s Health Initiative Observational
Cohort. Concentrations of estradiol and testosterone were measured using
electrochemiluminescence immunoassays. TL was measured using quantitative PCR.

Results: Levels of estradiol were not significantly associated with TL in this sample of women.
The associations between total and free testosterone and TL differed by race/ethnicity (P for
interaction=0.03 for total testosterone and 0.05 for free testosterone). Total and free testosterone
concentrations were not associated with TL in black and Hispanic women, whereas in
Asian/Pacific Islanders, their concentrations were inversely associated with TL (P-trend=0.003
for both). These associations appeared robust in multiple subgroup analysis and multivariable
models adjusted for potential confounding factors. In Asian/Pacific Islanders, doubling of serum
free testosterone concentration was associated with 202 bp shorter TL (95% CI, 51 to 353 bp),
and doubling of total testosterone concentration was associated with 203 bp shorter TL (95% CI,

50 to 355 bp).
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Conclusions: Serum concentration of estradiol was not associated with leukocyte TL in this
large sample of postmenopausal women. Total and free testosterone levels were inversely
associated with TL in Asian/Pacific Islander women but not in black and Hispanic women.
Future studies to replicate our observations are warranted to address potential ethnicity-specific

relations.
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4.2 Introduction

Telomeres are DNA-protein complexes that prevent genomic loss during chromosome
replications®®'*'*. Aging has been linked to progressive shortening of the telomere length (TL),
which is estimated to be at a rate of 20 to 60 base pairs (bp) per year'®"'**. Given that female life

expectancy is on average 80.2 years, compared to a male life expectancy of 75.1 years in the

189 190,191

United States ", it is not surprising that women have longer TL than age-matched men
Despite these observations, the mechanisms underlying the relation between sex and longevity
have not been fully elucidated. Although many theories have been proposed to explain this sex
divergence, including oxidative damage and chromosomal complement®’, the role of sex steroids
remained untested, especially relating sex hormone concentrations to TL as a marker of
biological aging.

To further elucidate the potential roles of sex hormones in biological aging, we examined
the associations of circulating estradiol and testosterone with leukocyte TL in black, Hispanic,

and Asian/Pacific Islander postmenopausal women participated in the Women’s Health Initiative

Observational Study (WHI-OS).

4.3 Methods

4.3.1 Study Subjects

The Women's Health Initiative (WHI) is a long-term national health study that has
focused on strategies for preventing heart disease, breast and colorectal cancer, and osteoporotic
fractures in postmenopausal women. The original WHI study included 161,808 postmenopausal

women enrolled between 1993 and 1998. The WHI has two major components: a partial factorial
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randomized Clinical Trial (CT) and an Observational Study (OS); both were conducted at 40
Clinical Centers nationwide. The OS examines the relationship between lifestyle, environmental,
medical and molecular risk factors and specific measures of health or disease outcomes. This
component involves tracking the medical history and health habits of 93,676 women not
participating in the CT. In the current investigation, we included 1124 black, 444 Hispanic, and
289 Asian/Pacific Islander women whose blood samples were assayed for sex hormones
(estradiol and testosterone) and leukocyte TL in a case-control study of type 2 diabetes nested in
WHI-0S"". The study was reviewed and approved by human subjects review committees at
each participating institution, and signed informed consent was obtained from all women

enrolled.

4.3.2 Measurement of sex steroid hormones and SHBG

The measurements of circulating estradiol, testosterone, and sex hormone-binding globulin
(SHBG) have been described in Chen et al.*’. In brief, serum concentrations of estradiol,
testosterone, and sex hormone-binding globulin (SHBG) were measured by
electrochemiluminescence immunoassays on the Elecsys 2010 immunoanalyzer (Roche
Diagnostics, Indianapolis, IN, USA). Inter-assay imprecision (expressed as %CV) was 12.4% for
estradiol, 10.3% for testosterone, and 5.4% for SHBG. Free estradiol and free testosterone were

180
1.

calculated using the methods described by Vermuelen et al.'® and Sodergard et al.'®, previously

. . 180-183,192
validated in postmenopausal women o

4.3.3 Measurement of telomere length
The measurement of TL has been described elsewhere'’. In brief, we adopted a qPCR

184
1.

method first proposed by O’Callaghan et al. ™" using a high-throughput 384-well format Applied

Biosystems’ 7900HT PCR System (Applied Biosystems by Life Technologies Corporation,
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Carlsbad, CA). The overall intra-plate coefficient of variation (CV) was 0.8% and the inter-plate

CV was 5.7%.

4.3.4 Measurements of covariates

Self-administered questionnaires were used to collect information on demographics and
lifestyle factors. Participants were categorized according to smoking status as “never-smoker”,
“former smoker”, and “current smoker”. Levels of alcohol intake and total energy intake were
also calculated from the food frequency questionnaire. Information on age at menarche and
menopause was collected in the questionnaire, and the difference was calculated as a surrogate of
lifetime estrogen exposure. Body weight and height were measured at baseline, and BMI was
calculated as body weight (kg) divided by height (m) squared. The level of physical activity in
metabolic equivalent hours per week (MET-h/wk) was estimated based on the self-reported
duration of exercise, weighted by intensity levels. Participants were also categorized acoording
to use of hormone replacement therapy as “never-user”, “former user”, and “current user”.
Tumor necrosis factor a receptor 2 (TNF-a-R2) was measured by an enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, Minnesota). Interleukin 6 (IL-6) was
measured by an ultrasensitive enzyme-linked immunosorbent assay (R&D Systems). High-
sensitivity C-reactive protein (hsCRP) was measured on Roche Hitachi 911 Chemistry Analyzer
(Roche Diagnostics, Indianapolis, Indiana) using an immunoturbidimetric assay with reagents

and calibrators (Denka Seiken Co Ltd, Niigata, Japan).

4.3.5 Statistical Analysis
Baseline characteristics were summarized according to race/ethnicity. Categorical variables
were shown as percentages; normal-distributed continuous variables were expressed as the mean

(standard deviation); non-normal-distributed continuous variables were shown as median
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(interquartile range). P values for differences among ethnic groups were obtained from * tests
for categorical variables, from ANOVA for normal-distributed continuous variables, and from
Kruskal-Wallis tests for non-normal distributed continuous variables. General linear models
were used to estimate mean TLs and their 95% confidence intervals (Cls) for different quartiles
of sex hormones while adjusting for covariates. The basic models were adjusted only for age at
enrollment (years, continuous). The multivariable adjusted models were additionally adjusted for
race/ethnicity (Black, Hispanic, or Asian/Pacific Islander), hormone replacement therapy (HRT)
use (never, former, or current user), years between menarche and menopause (years, continuous),
BMI (kg/m’, continuous), cigarette smoking (never, former, or current smoker), alcohol
consumption (never, former, or current drinker), diabetes case in the primary case-control study
(yes or no), physical activity (0, >0 to 5, >5 to 20, or >20 MET-h/wk), daily energy intake (kcal,
continuous), and serum SHBG concentration (nmol/L, continuous). Additionally, the models for
estradiol and testosterone were mutually adjusted for each other. Concentrations of sex hormones
were categorized into quartiles among all individuals, with the fourth quartile having the highest
concentration. P values for linear trend were obtained by including the medians of concentration
levels as continuous variables in the regression models. Regression coefficients for the change in
leukocyte TL for doubling of sex steroid hormones concentrations were calculated using linear
regression models with log-transformed concentrations. To further assess potential effect
modification by race/ethnicity, the interaction terms between race/ethnicity and log-transformed
concentrations of sex steroid hormones were included in the models. In addition, subgroup
analyses stratified by race/ethnicity were conducted. In the first sensitivity analysis, we fitted
models with additional adjustment of serum concentrations of inflammatory biomarkers,

including IL6, hsCRP, and TNF-0-R2. In the second sensitivity analysis, we stratified the
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analyses by BMI with a cutoff point at 25 kg/m®. To explore potential non-linear relations
between sex hormone concentrations and TL, we used restricted cubic spline models. We
conducted all statistical analyses using SAS (version 9.3; SAS institute, Cary, NC). All P values
were two tailed, and false discovery rate (FDR) was adopted to control the effects of multi-

testing.

4.4 Results

Characteristics of study participants at baseline are summarized in Table 4.1. On average,
the Asian/Pacific Islanders had a lower BMI, lower proportion of current smokers and current
alcohol drinkers than Black and Hispanic women. Moreover, Asian/Pacific Islander women had
lower concentrations of sex hormones (estradiol and testosterone), higher concentration of
SHBG, and lower concentrations of inflammation markers (hsCRP, IL6, and TNF-a)) than Black
and Hispanic women. The proportion of current HRT users and lifetime estrogen exposure were
significantly higher in Asian/Pacific Islander women than Black and Hispanic women. In
addition, Asian/Pacific Islander women had the shortest TLs among the three ethnic groups.

Total and free estradiol concentrations were positively associated with leukocyte TL in
the pooled analysis, although the linear trends were not significant (P-trend=0.14 for free
estradiol and P-trend=0.19 for total estradiol) (Table 4.2). In subgroup analysis by race/ethnicity,
we did not observe significant associations between estradiol concentrations and TL in any of the
three ethnic groups, although the associations using continuous measure of estradiol were in the
same direction as the pooled analysis. We did not observe significant interaction between

estradiol concentration and race/ethnicity (P=0.48 for free estradiol and 0.63 for total estradiol).
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Total and free testosterone concentrations were modestly associated with TL in the
pooled analysis (P-trend=0.04 for free testosterone and P-trend=0.02 for total testosterone),
where the mean TL appeared shorter in higher testosterone concentrations quartiles (Table 4.3).
Multivariable adjustment did not change the estimates materially, although most associations
were no longer significant. The interaction between testosterone concentration and race/ethnicity
was significant for both free testosterone (P=0.05) and total testosterone (P=0.03). In subgroup
analyses, we observed significant inverse associations between free testosterone and TL in
Asian/Pacific Islander women (P-trend=0.003, FDR<0.05). In multivariable-adjusted models,
Asian/Pacific Islander women in the highest quartile of serum free testosterone (median, 0.241
ng/dL) had 785 bp shorter TL (95% CI, 48 to 1522 bp) than women in the lowest quartile
(median 0.012 ng/dL). In Asian/Pacific Islanders, doubling of serum free testosterone
concentration was associated with 202 bp shorter TL (95% CI, 51 to 353 bp). No associations
between free testosterone concentration and TL were observed in black and Hispanic women. In
sensitivity analyses, neither additional adjustment of inflammation markers nor stratifying on
BMI changed the results materially. When we restricted our analyses to those who had never
used HRT, the association between free testosterone and TL remained in the same direction but
was no longer significant (P-trend=0.08). In cubic spline models (Figure 4.1), we observed that
leukocyte TL decreased substantially with higher concentrations of free testosterone in
Asian/Pacific Islander women, whereas the trends among Black and Hispanic women were not
apparent.

In a similar manner, we also observed significant inverse association between total
testosterone concentration and TL in Asian/Pacific Islander women (P-trend=0.008, FDR<0.05).

In multivariable-adjusted models, Asian/Pacific Islander women with highest serum
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concentration of total testosterone (median, 22.4 ng/dL) had 600 bp shorter TL (95% CI, 45 to
1274 bp) than those in the lowest concentration group (median, 1.9 ng/dL). In Asian/Pacific
women, doubling of serum total testosterone concentration was associated with 203 bp shorter
TL (95% CI, 50 to 355 bp). No association between total testosterone concentration and TL were
observed in Black and Hispanic women. In the sensitivity analyses, neither additional adjustment
of inflammation markers nor stratifying on BMI changed the results materially. When we
restricted our analyses to women who had never used HRT, the association between total

testosterone and TL remained in the same direction but was not longer significant (P-trend=0.07).

4.5 Discussion

Overall, we did not find significant associations between estradiol levels and leukocyte
TL in this sample of multiethnic women. In Asian/Pacific Islander women, however, total and
free testosterone were inversely associated with TL, independent of potential confounders. In
these women, TL attrition was estimated to be approximately 22 bp per year on average. In
particular, doubling of free or total testosterone concentration was associated with approximately
9.2 times of this average annual attrition. Among black and Hispanic women, however, no
associations were observed between testosterone levels and TL. When we restricted our analyses
to women who had never used HRT, although the magnitudes of associations did not change
materially, the associations were no longer statistically significant at the conventional 0=0.05
level, probably due to lack of sufficient statistical power.

Available evidence indicates that women generally live longer than men and suffer less
193,194

from certain age-related diseases, such as certain cancers and cardiovascular diseases

There are both social lifestyle and biological factors that may account for sex-differences in these
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disorders (e.g. cigarette smoking, alcohol consumption, job stress, and medical services

195 Recent work has also identified altered serum lipid levels by

utilization, lipids, sex steroids)
sex steroid hormones levels as potential biological mechanisms responsible for the sex-
difference in cardiovascular disease'**'””. For women after the menopausal transition, not only
does endogenous estrogen plummet, the estrogen-to-androgen ratio is also greatly altered;
androgens rather than estrogens become the primary sex hormone in postmenopausal women
who do not pursue hormone replacement therapy'*®. Although TL is a well-known indicator of
biologic aging and senescence and has been associated with chronic diseases'** %%, few studies
have investigated the relationship between sex steroid hormones and TL.

In animal studies, estrogen deficiency has been associated with telomere shortening®*>**.
Estrogen was suggested to diminish oxidative stress>”, which is fundamental to biologic aging
and can accelerate telomere shortening and stimulate the transcription of the gene encoding
telomerase®”®. In a human study examining the relationship between estradiol levels and TL, the
duration of endogenous estrogen exposure (difference between age at menopause and age at
menarche) was associated with greater TL and lower telomerase activity™’. In the current study,
we observed longer TL in women with higher concentrations of free or total estradiol, albeit
these associated were not statistically significant at the conventional a=0.05 level. One limitation
of our study is that we could not accurately evaluate and control the lifetime exposure of sex
hormones. However, we did assess the difference between age at menopause and age at
menarche as a surrogate to adjust for potential confounding of lifetime exposure of estrogen.

Previous studies investigating the association between androgen levels and TL are scarce.
One study in healthy elderly men in Belgium reported no statistically significant association

208

between age-corrected testosterone concentrations and TL™™. In this study, we observed racial
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heterogeneity of the association between testosterone concentration and TL; the significant
associations were only observed in Asian/Pacific Islander women. However, the reason for this
significant interaction with race/ethnicity is still not clear. In Asian/Pacific Islander women, both
higher total and free testosterone concentrations were associated with shorter TL and the
associations were robust in the sensitivity analyses. High testosterone levels have been
associated with insulin resistance, metabolic syndrome, and cardiovascular disease in elderly
women®” and also associated with higher levels of cardiovascular risk factors in a multiethnic
women population®'’. Interestingly, our data suggest that the Asian/Pacific Islander population
generally had elevated markers typically associated with good health, including lower BMI,
lower levels of inflammation, higher SHBG concentrations, and resultant lower free testosterone
levels compared to black and Hispanic women.

One possible explanation of the racial heterogeneity is differences in SHBG levels and
sex steroid hormone clearance rates. A previous study observed that Asians undergoing ovarian
stimulation for in vitro fertilization developed higher estradiol levels compared to non-Asians.
As elevated estradiol levels were the only differentiating characteristic of the stimulation, the
authors propose that Asians may have difficulty clearing their serum estradiol levels due to

Tt is

inherent enzymatic differences, thus displaying a relatively elevated level of sex steroids
possible that Asian women have decreased clearance of testosterone as opposed to their Black
and Hispanic counterparts, allowing the testosterone to have increased receptor interactions, with
altered end organ effects. If a negative relationship between free testosterone and TL is subtle, it
may be amplified in the Asian population, allowing us to observe the association. Another

possible mechanism for the ethnic discrepancy is related to genetic diversity of the androgen

receptor. It has been demonstrated that Asians have the lowest prevalence of CAG
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microsatellites of exon 1 of the androgen receptor (AR) gene*'?, and fewer CAG repeats in the
AR gene result in higher transcriptional activity and higher levels of serum androgens®"”.
Moreover, given the shape of the relationship between testosterone and TL in Asian/Pacific
Islanders seems to be linear when testosterone concentrations were higher in the spline analysis,
and because women in this ethnic group generally have lower testosterone levels, we cannot rule
out the possibility that more prevalent or severe metabolic abnormalities (e.g. insulin resistance)
among Asian/Pacific Islander women with extremely high testosterone concentrations could
explain the findings.

In conclusion, higher total and free testosterone concentrations appeared significantly
associated with shorter TL in Asian/Pacific Islander women but not in black or Hispanic women.
These findings suggest that Asian/Pacific Islander women may be susceptible to the potential
detrimental effects of high testosterone level on biologic aging. Future prospective studies will
require larger numbers of ethnic minorities and multiple assessments of sex hormones and TL to

further verify and confirm our observations.
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4.6 Tables and Figures

Table 4.1 Baseline characteristics of 1857 postmenopausal women by race/ethnicity.

Race/ethnicity
Black Hispanic Asi:zrf;grlﬁc r
(n=1124) (n=444) (n=289)
Age, mean (SD), y 60.9 (6.7) 60.2 (6.8) 63.6 (7.8) <0.001
Smoking, % <0.001
Never 49.2 68.6 71.2
Former 38.9 26.8 25.0
Current 11.9 4.6 3.8
Alcohol intake, % <0.001
Never 16.9 22.5 40.1
Former 314 24.1 21.5
Current 51.8 53.4 38.4
Physical activity, median
(IQR). MET-h/wk 6.0 (0.8-15.0) 6.8 (1.2-15.2) 8.6 (3.0-18.4) 0.001
BMI, mean (SD), kg/m’ 30.9 (7.0) 28.9 (5.7) 24.9 (4.6) <0.001
Lifetime estrogen
exposureb, mean (SD), 33.9(7.4) 35.2(6.3) 35.9(6.3) <0.001
year
Hormone replacement
therapy, % <0.001
Never 56.4 48.0 33.7
Former 12.5 10.1 15.3
Current 31.1 41.9 51.0
Biomarkers, median
(IQR)*
Free estradiol, pg/mL 0.29 (0.15-0.46) 0.26 (0.14-0.43) 0.20 (0.08-0.39) <0.001
Total estradiol, pg/mL 21.4 (12.0-38.9) 19.3 (10.5-45.6) 16.6 (6.6-38.1) 0.001
Free testosterone, ng/dL. 0.095 (0.036-0.212)  0.076 (0.026-0.162)  0.061 (0.021-0.135)  <0.001
Total testosterone, 122(5.3-22.5) 10.0(4.4-19.0) 8.4(2.8-164)  <0.001

ng/dL
SHBG, nmol/L
Leukocyte telomere

59.1(37.7-99.1) 64.5 (37.6-121.4) 67.5 (42.7-116.1) 0.019

length, kb 4.13 (3.20-5.08) 420 (3.37-5.24) 3.78 (2.96-4.72)  <0.001
hsCRP, mg/L 3.00 (1.22-6.65) 2.99 (1.57-5.63) 0.92(0.39-2.18)  <0.001
IL6, pg/mL 2.19 (1.31-4.24) 2.08 (1.31-3.59) 1.29 (0.84-2.31)  <0.001
TNF-q, pg/mL 2290 (1880-2770) 2430 (1950-2890) 2190 (1820-2590)  <0.001

® P values were obtained from y” tests for categorical variables, from Student’s t-tests for normal-distributed
continuous variables, and from Kruskal-Wallis tests for non-normal-distributed continuous variables.

® Calculated as the duration between menarche and menopause.

¢ ST conversion factors: estradiol (pg/mL) x 3.67 = (pmol/L); testosterone (ng/dL) x 0.0347 = (nmol/L).
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Figure 4.1 Cubic spline models of the association between free testosterone concentration
and leukocyte telomere length by race/ethnicity.
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CONCLUSIONS AND FUTURE RESEARCH DIRESCTIONS

The current work focuses on the identification of systemic biomarkers in serum, urine,
and DNA samples as indicators for the development of T2D and obesity in US women. Chapter
1 synthesized existing evidence regarding the association between different EDCs and T2D risk
via a meta-analysis. Our systematic review of 46 studies comprising 51,687 individuals from
different populations (including white, black, Hispanic, Asian, and Native American) indicates
that higher serum concentrations of persistent EDCs and urinary concentrations of non-persistent
EDCs may significantly increase T2D risk, and that the magnitudes of associations with PCBs
appear sex-dependent (stronger in women than in men). Our findings emphasize the importance
of environmental factors in the etiology of T2D. As the existing studies regarding the association
between non-persistent EDCs and risk of T2D are all cross-sectional, large and high-quality
prospective studies that comprehensively assess concentrations of these EDCs are urgently
needed to clarify the role of these environmental factors in the ongoing T2D epidemics in human
populations.

In Chapter 2, we examined the association between BPA and phthalate exposure and
prospective weight change in NHS and NHSII. We observed that higher urinary concentrations
of BPA, phthalic acid, MBzP, and butyl phthalates were significantly associated with faster
weight gain in U.S. women. The results are consistent with an etiological role of BPA and
phthalates in weight gain, although we cannot exclude the possibility of chance findings,
especially when associations were attenuated in stratified analyses. Future large-scale studies
with repeated assessments of the levels of these chemicals are needed to replicate these

observations.
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The results from a mediation analysis of the association between LBW and T2D risk
were described in Chapter 3. In this study, we confirmed that LBW was consistently associated
with increased risk of T2D later in life in a multiethnic population of women. In addition, we
found that the total effect of LBW on risk of T2D is mainly mediated by insulin resistance which
is further explained by circulating levels of SHBG, E-selectin, and systolic blood pressure. These
prospective data provide quantifiable mechanistic evidence linking LBW to increased risk of
T2D whilst presenting risk stratification and intervention in a population at greater risk of
developing T2D later in life.

In Chapter 4, we investigated the association between serum sex hormone concentrations
and biologic aging, as indicated by leukocyte TL. Serum concentration of estradiol was not
significantly associated with leukocyte TL in the multiethnic postmenopausal women population.
However, higher total and free testosterone concentrations appeared significantly associated with
shorter TL in Asian/Pacific Islander women but not in black or Hispanic women. These findings
suggest that Asian/Pacific Islander women may be susceptible to the potential detrimental effects
of high testosterone level on biologic aging. Prospective studies incorporating larger numbers of
ethnic minorities followed by serial hormonal and telomere length measurements are also
essential to further justify and explain our observed associations.

Although further evidence is necessary to confirm these findings, this set of studies
indicates that the systemic biomarkers in various biological samples, including serum, urine, and
DNA, as indicators for environmental risk factors and the development of T2D and obesity in US

women.
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