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Abstract

Previous studies demonstrated associations of endogenous sex hormones with diabetes. Less is known about their dynamic relationship with
diabetes progression through different stages of the disease, independence of associations, and role of the hypothalamic-pituitary gonadal axis.

The purpose of this analysis was to examine relationships of endogenous sex hormones with incident diabetes, prediabetes, and diabetes
traits in 693 postmenopausal women and 1015 men aged 45 to 74 years without diabetes at baseline participating in the Hispanic
Community Health Study/Study of Latinos and followed for 6 years. Baseline hormones included estradiol, luteinizing hormone (LH), follicle
stimulating hormone (FSH), sex hormone-binding globulin (SHBG), dehydroepiandrosterone sulfate (DHEAS), and, in men, testosterone and
bioavailable testosterone. Associations were analyzed using multivariable Poisson and linear regressions. In men, testosterone was inversely
associated with conversion from prediabetes to diabetes (incidence rate ratio [IRR] for 1 SD increase in testosterone: 0.821; 95% Cl, 0.676,
0.997; P=0.046), but not conversion from normoglycemia to prediabetes. Estradiol was positively associated with increase in fasting insulin
and homeostatic model assessment of insulin resistance. In women, SHBG was inversely associated with change in glycosylated
hemoglobin, postload glucose, and conversion from prediabetes to diabetes (IRR=0.62; 95% CI, 0.44, 0.86, P=0.005) but not from
normoglycemia to prediabetes. Relationships with other hormones varied across glycemic measures. Stronger associations of testosterone
and SHBG with transition from prediabetes to diabetes than from normoglycemic to prediabetes suggest they are operative at later stages of
diabetes development. Biologic pathways by which sex hormones affect glucose homeostasis await future studies.

Key Words: sex, hormones, diabetes

Abbreviations: BMI, body mass index; BP, blood pressure; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; ER, estrogen receptor;
FPG, fasting blood glucose; FSH, follicle stimulating hormone; GLUT4, glucose transporter type 4; HbA1lc, glycosylated hemoglobin; HCHS/SOL, Hispanic
Community Health Study/Study of Latinos; HDL, high-density lipoprotein; HOMA-B, homeostatic model assessment index of B-cell function; HOMA-IR,
homeostatic model assessment index of insulin resistance; hsCRP, high-sensitivity C-reactive protein; IRR, incident rate ratio; LDL, low-density lipoprotein;
LH, luteinizing hormone; OGTT, oral glucose tolerance test; SHBG, sex hormone binding globulin.

Currently, 37.3 million adults or 11.3% of the US adult popu-
lation have diabetes, most of which is type 2 diabetes; an add-
itional 38.0% have prediabetes and are at heightened risk of
developing type 2 diabetes (1). Rates are higher in men than
women and among Black, American Indian/Alaskan Natives,
Hispanic, and Asian adults than non-Hispanic White adults

(1). Among Hispanics, there is wide variation in diabetes rates,
with those of Mexican and Puerto Rican heritage having higher
rates than those of Cuban or South American backgrounds (2).
Rates of diabetes increase with age and after menopause in
women, suggesting that variations in sex hormones affect the
incidence and prevalence of the disease. Hypothesized
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mechanisms for the postmenopausal increased risk of diabetes
are age-related increased weight independent of menopause,
changes in body fat distribution with associated loss of estro-
gens, increased testosterone, and elevated inflammatory cyto-
kines (3). The precise nature of these relationships, however,
remains incompletely understood.

Among men, previous studies have shown fairly consistent
inverse associations of testosterone (4-29) and its binding
protein, sex hormone binding globulin (SHBG) (7, 11, 12,
24-31) with measures of diabetes, prediabetes, and insulin re-
sistance in both cross-sectional and prospective cohort studies
(8). In addition, there is evidence that some of the associations
may be bidirectional and that their effects may be modified by
measures of adiposity (6, 18, 29). Testosterone may affect dia-
betes risk by altering expression of the insulin signaling inter-
mediate insulin-receptor substrate-1 and glucose transporter
type 4 (GLUT4) or by modulating mitochondrial function
(32). Studies relating the androgen precursor dehydroepian-
drosterone (DHEA) and its sulfated derivative DHEAS with
glucose homeostasis have been less consistent, with inverse as-
sociations noted in some, but not all, previous studies (33-37).

The effects of estrogens on diabetic traits have been less well
studied in epidemiologic analyses. The estrogen receptors
(ER) ERo and ERP affect glucose homeostasis through altera-
tions in insulin sensitivity in the liver and muscle, adipocyte
growth, pancreatic B-cell function, and regulation of GLUT4
expression in muscle (38-43). In men, there is some evidence
that endogenous estrogens increase risk of diabetes (6, 8,
22) and prediabetes (11, 22). In postmenopausal women, dia-
betes and insulin resistance have been positively associated
with endogenous estrogens (8, 34, 44-46), bioavailable estro-
gens (47), and testosterone but negatively with SHBG (8, 12,
45,46, 48). Associations with DHEAS are largely inconsistent
(23, 36, 44, 46). The inverse associations of SHBG with dia-
betes (8) and insulin resistance (49) have been somewhat
stronger in postmenopausal women than in men (8, 49). In
contrast exogenous hormone replacement therapy, both es-
trogens alone as well as in combination with progestins, has
generally been associated with lower risk of diabetes (50-
53), with some evidence of protective effects closer to the be-
ginning of menopause and less of a protective effect or even in-
creased risk afterward (54, 55).

The hypothalamic-pituitary-gonadal axis is a complex regu-
latory system governing circulating levels of sex steroid hor-
mones (testosterone and estradiol). Regulation of this system
includes negative feedback loops involving multiple hormonal
layers integrating peripheral and pituitary secreted gonadotro-
pins follicle stimulating hormone (FSH) and luteinizing hor-
mone (LH), and with peripheral hormone bioavailability
further regulated by circulating binding proteins (eg, SHBG).
There are a few studies examining the effects of pituitary hor-
mones on diabetes or prediabetes, and they generally show in-
verse associations of markers of insulin resistance, prediabetes,
and diabetes with FSH and/or LH (56-59).

Despite the increasing number of studies examining the ef-
fects of sex hormones on glucose homeostasis, many questions
remain unanswered. It is unclear how sex hormones alter dia-
betes pathogenesis, whether they act independently or synergis-
tically, the role of the complete hypothalamic-pituitary-gonadal
axis, and how the effects of the hormones relate to well-
established risk factors such as obesity and metabolically dele-
terious fat distribution. To the best of our knowledge, there
have been no population-based studies of these associations

among diverse Hispanic/Latino adults, a group at particularly
high risk for diabetes. The Hispanic Community Health
Study/Study of Latinos (HCHS/SOL), the largest longitudinal
cohort of Hispanic/Latino adults in the United States, noted
that among Hispanic/Latino adults aged 45 years and older,
the prevalence of diabetes varied from 10.2% for those of
South American background to 18.3% for those of Mexican
background (60). Baseline examinations, however, did not ori-
ginally include measurements of endogenous sex hormones.
The present ancillary study is nested within the HCHS/SOL co-
hort and, with the addition of hormones measured from stored
serum samples at baseline, examines the effect of baseline
sex hormones, and the complex relationships between the
hypothalamic-pituitary-gonadal axis and glucose homeostasis,
on the development of insulin resistance, prediabetes, and dia-
betes at the first follow-up visit, on average 6 years after the
baseline visit.

Methods

The HCHS/SOL, a prospective cohort of 16 415 adult Latinos
with high rates of diabetes (2), offers a unique opportunity to
examine the effects of sex hormones on diabetes and prediabetes
in a large, diverse prospective cohort with substantial variation
in diabetes risk. Details of the HCHS/SOL have been described
elsewhere (2, 60, 61). After institutional research committees ap-
proved the investigation and consent was obtained from partic-
ipants, 16 415 Hispanic/Latino adults aged 18 to 74 years were
recruited from San Diego, CA; Bronx, NY; Miami, FL; and
Chicago, IL, between March 2008 and June 2011 (visit 1).
Recruitment was based on a multistage probability sample,
with random selection of census blocks followed by random se-
lection of households and oversampling of blocks with higher
concentrations of Hispanic/Latino residents, households with
Hispanic/Latino surnames, and persons aged 45 to 74 years.
Sampling weights were then generated to reflect the probabilities
of selection at each stage. Participants included persons of
Cuban, Mexican, Puerto Rican, Dominican, Central
American, and South American backgrounds.

The baseline examination (visit 1) included questionnaire
data on demographic factors, education, income, accultur-
ation, years of residence in the United States, language prefer-
ence, physical activity, weight change in the past year,
smoking and medical history, medication use, reproductive
and breast feeding history, two 24-hour dietary recalls, diet-
ary frequency, blood pressure, height, weight, waist/hip ratio,
and fasting serum and plasma samples, with measurements
that included total, low-density lipoprotein (LDL), and high-
density lipoprotein (HDL) cholesterol, triglycerides, fasting
glucose, 2-hour postload glucose in the subset of persons
with fasting glucose <150 mg/dL, insulin, glycosylated hemo-
globin (HbA1c), and high sensitivity C-reactive protein
(hsCRP). From 2014 to 2017, the study implemented the
6-year follow-up (visit 2) that included repeat assessment of
lifestyle and medical history, height, weight, waist/hip ratio,
dietary history, lipids, fasting and postload glucose, fasting in-
sulin, and HbA1c. Before the baseline and follow-up study vis-
its, participants were instructed to refrain from physical
activity and smoking, and fast for at least 8 hours with allow-
ances for water and essential medications.

The Persistent Organic Pollutants, Endogenous Hormones
and Diabetes in Latinos Ancillary Study selected HCHS/SOL
participants aged 45 to 74 years at baseline using a case-
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cohort study design. To select the random sample, partici-
pants were stratified by baseline glucose measurements
(1171 with prediabetes at baseline and 1172 with normal
baseline glucose measurements) approximately equally div-
ided between men and women aged 45 to 74 years (1146
men and 1197 women), and with only 1 participant per house-
hold within each sex and blood glucose subgroup.
Participants who transitioned from prediabetes to diabetes
during the follow-up period were oversampled to ensure
that approximately one-half of those in this category had tran-
sitioned to diabetes. Of the 2343 HCHS/SOL ancillary study
participants with hormone measurements available, 1708
(73%) were included in the cross-sectional analyses (693 post-
menopausal women and 1015 men) and 1621 (69%) in the
longitudinal analyses (657 postmenopausal women and 964
men) after excluding pre- or perimenopausal women (based
on self-report and hormone measures, described later), rele-
vant medication use (including 10 women taking metformin),
and those with missing data (Supplementary Table S1 (62)).

Hormone Measurements

Gonadotropin and sex steroid hormone measurements were
conducted on stored serum samples collected at the baseline
HCHS/SOL examination. All hormones were measured using
aRoche COBAS 6000 chemistry analyzer (Roche Diagnostics,
Indianapolis, IN). LH and FSH were measured using an LH or
FSH reagent/sandwich immunoassay (Catalog #1173223
4122, RRID: AB_2800498 and Catalog #11775863122,
RRID: AB_2800499, Roche Diagnostics). SHBG was meas-
ured using an SHBG reagent/sandwich immunoassay method/-
electrochemiluminescence assay (Catalog #03052001160,
RRID: AB_2891165, Roche Diagnostics). Estradiol was meas-
ured using an estradiol III reagent/competitive immunoassay
method (Catalog #06656021190, RRID: AB_2905575,
Roche Diagnostics). DHEAS was measured usinga DHEAS re-
agent/competitive immunoassay method/electrochemilumi-
nescence assay (Catalog #03000087122, RRID: AB_29094
90, Roche Diagnostics).

In male samples, testosterone was measured using a testoster-
one II reagent/competitive immunoassay/electrochemilumines-
cence assay (Catalog #05200067160, RRID: AB_2783736
Roche Diagnostics). The lower limits of detection for LH,
FSH, SHBG, estradiol, DHEAS, and testosterone were
0.100 mIU/mL, <0.100 mIU/mL, 0.800 nmol/L, 18.4 pmol/L,
0.003 pmol/L, and 2.5 ng/dL, respectively. Interassay coeffi-
cients of variation were 3.3% at 11.15 mIU/mL, 3.1% at
17.23 mIU/mL, 3.8% at 19.74 nmol/L, 5.7% at 143.3 pmol/
L, 4.6% at 5.43 pmol/L, and 2.2% at 272.5 ng/dL for LH,
FSH, SHBG, estradiol, DHEAS, and testosterone, respectively.
All assays were performed by the Advanced Research &
Diagnostics Laboratory at the University of Minnesota, which
is a CAP/CLIA-certified laboratory.

In men, concentrations of testosterone (ng/dL), SHBG (nmol/
L), and estradiol (pg/mL) were used to calculate concentrations
of unbound (free) testosterone according to the method of
Vermeulen et al (63). Limited sample volume and lower testos-
terone levels precluded measurements of testosterone in wom-
en. Because this sample was of postmenopausal women,
estradiol was extremely skewed, with 71% below the limit of
detection; in women, estradiol was analyzed dichotomously
as below or above the limit of detection, rather than as a con-
tinuous variable. Using reference values from assays performed

at the HCHS/SOL study laboratory and derived from study
participants, we dichotomized individual hormone measures
among women as low SHBG (< 20 nmol/L), low estradiol (<
18.4 pmol/L), and low DHEAS (<0.26 pmol/L); whereas
among men, hormone measures were dichotomized as high
LH (>8.6 mIU/mL), high FSH (> 12.4 mIU/mL), low SHBG
(<10 nmol/L), high estradiol (>159 pmol/L), low testosterone
(<193 ng/dL), and low DHEAS (<0.44 pmol/L).

Outcome Assessment

All participants had fasting plasma glucose (FPG) and HbA1c
measured. FPG was measured in EDTA plasma using a hexo-
kinase enzymatic method (Roche Diagnostics) on a Roche
Modular P chemistry analyzer (Roche Diagnostics). HbAlc
was measured in EDTA whole blood using a Tosch G7 auto-
mated high-performance liquid chromatography analyzer
(Tosch Bioscience Inc., South San Francisco, CA). Insulin
was measured in serum using a commercial ELISA assay
(Mercodia AB, Uppsala, Sweden).

Following the initial fasting blood draw, all participants who
did not report taking antihyperglycemic medications, previous
diagnosis with diabetes, and/or who had an FPG <150 mg/dL
underwent a standard 75-g 2-hour oral glucose tolerance test
(OGTT), and 2-hour (postload) plasma glucose was measured.
Homeostasis model assessment index of insulin resistance
(HOMA-IR) was calculated as the product of fasting glucose
(mg/dL) and fasting insulin (mU/L) divided by 405, whereas
homeostatic model assessment index of PB-cell function
(HOMA-B) was calculated as the product of fasting insulin
(mU/L) and 360 divided by fasting glucose (mg/dL) minus 63.
We defined prediabetes at baseline examination among partic-
ipants if they met 1 of the following criteria: (1) laboratory tests
elevated above normal but outside the diabetic range (fasting
time >8 hours and FPG=100-125 mg/dL [5.6-6.9 mmol/L];
or 2-hour postload OGTT =140-199 mg/dL [7.8-11.0 mmol/
L]; or HbAlc=5.7%-6.4%), and (2) no self-reported diabetes.
Normoglycemia was defined as (1) (fasting time >8 hours and
FPG <100 mg/dL [5.6 mmol/L]; (2) 2-hour postload OGTT
<140 mg/dL [7.8 mmol/L]; or HbAlc < 5.7%), and (3) no self-
reported diabetes. Diabetes at study visit 2 was classified as
meeting 1 or more of the following criteria: (1) elevated fasting
glucose (fasting time >8 hours and FPG>126 mg/dL
[7.0 mmol/L] or fasting time <8 hours and fasting glucose
>200 mg/dL. [11.1 mmol/L]); or (2) glucose intolerance
(2-hour postload OGTT >200 mg/dL [11.1 mmol/L]); or (3)
elevated HbA1lc (HbAlc >6.5%); or (4) self-reported diabetes.

For the prospective analysis, we examined progression from
normoglycemic at baseline examination to prediabetes, from
normoglycemic at baseline examination to prediabetes or dia-
betes, and from prediabetes at baseline examination to dia-
betes at study visit 2. We also examined continuous change
scores, using change in absolute levels, for the following gly-
cemic measures: HbA1¢, fasting glucose, fasting insulin, post-
load glucose, HOMA-B, and HOMA-IR. Change scores were
calculated as the difference in glycemic measurement between
study visit 2 and baseline examination.

Covariates

Study participants reported their age, sex (male or female),
HCHS/SOL recruitment center (Bronx, NY; Chicago, IL;
Miami, FL; or San Diego, CA), educational attainment (less
than high school, high school diploma/GED, greater than high
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school diploma/GED), Hispanic/Latino heritage (Dominican,
Central American, Cuban, Mexican, Puerto Rican, South
American, more than 1/Other heritage), smoking status (current,
former, or never smokers), annual household income ($30 000
or more, less than $30 000, or missing/not reported), health in-
surance status (currently insured or not currently insured), alco-
hol consumption (no consumption, low, or high consumption),
physical activity level based on the World Health Organization
Global Physical Activity Questionnaire (64) (low levels, moder-
ate levels, or high physical activity levels), diet quality score per
the Alternative Healthy Eating Index 2010 (65) (range from 0
to 110, with higher scores indicating better diet quality), family
history of diabetes, and history of gestational diabetes (only
among female participants). Anthropometric measurements of
weight (kg), height (cm), hip (cm), and waist circumference
(cm) were performed by trained study staff following a standard
protocol. Body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared, whereas waist/
hip ratio was calculated as waist circumference in centimeters
divided by hip circumference in centimeters. For the longitudinal
analysis assessing continuous change scores in glycemic
measures, we included change in BMI and waist/hip ratio
measurements calculated as BMI at visit 2 minus BMI at
baseline and waist/hip ratio at visit 2 minus waist/hip ratio at
baseline examination. Acculturation score-Multi-Ethnic Study
of Atherosclerosis (66) (range from 0 to 5 with 0 indicating least
acculturation and 5 indicating most acculturation) was defined
by summing scores from proxy measures of acculturation: nativ-
ity and years of residence in the United States and primary lan-
guage spoken at home.

Participants’ self-reported medication use was recorded by
trained study staff. Three blood pressure (BP) measurements
were taken on the right arm by a trained technician and the
average systolic BP (mmHg) and diastolic BP (mmHg) were ob-
tained. Hypertension was defined as average systolic BP >
140 mmHg, average diastolic BP > 90 mmHg, or self-reported
use of antihypertensive medication (67). Among women,
menopause status was derived by a series of steps that included
evaluation of the participant’s age (> 62 years old determined
to be postmenopausal), history of bilateral oophorectomy, and
menstruation status (among those who reported absence of
menses, if FSH was > 25.8 mIU/mL or LH > 7.7 mIU/mL,
the participant was determined to be postmenopausal; among
those with FSH<25.8 mIU/mL and LH < 7.7 mIU/mL, the
participant was determined to be perimenopausal). If the par-
ticipant reported current menses or did not answer the ques-
tion regarding menstruation status and FSH was > 25.8 mIU/
mL or LH > 7.7 mIU/mL, the participant was determined to
be perimenopausal, and for those with FSH <25.8 mIU/mL
and LH < 7.7 mIU/mL, the participant was determined to be
premenopausal. Furthermore, measurements of lipid metabol-
ism and inflammation at baseline examination were included
as covariates: hsCRP (mg/L), total cholesterol (mg/dL), trigly-
cerides (mg/dL), HDL cholesterol (mg/dL), and low-density
lipoprotein cholesterol (mg/dL). For the longitudinal analysis,
we also included information on mean follow-up time for par-
ticipants calculated from the date of first study visit 1 (baseline
examination) to visit 2 (first follow-up examination).

Statistical Analyses

Our analysis accounted for the complex sampling design used to
select participants for the HCHS/SOL cohort, with additional

sampling weights created to account for the sampling design of
this ancillary study. We used statistical methods that included
stratification factors, clustering, and weights to adjust for sampling
probability and nonresponse, consistent with guidelines estab-
lished by the HCHS/SOL Statistics and Data Analysis
Committee. Statistical analyses and data management were con-
ducted using SAS 9.4 (SAS Institute Inc., Cary, NC) and STATA
(version 17.0, StataCorp, College Station). Because of skewed
data we natural log-transformed glycemic measures (fasting insu-
lin, HOMA-B, and HOMA-IR) to approximate a normal distribu-
tion. For descriptive analyses, we calculated means (95% CI) for
continuous data using SAS PROC SURVEYMEANS and assessed
frequencies (percentages) for categorical data using SAS PROC
SURVEYFREQ. Differences between groups were evaluated using
¢ tests for continuous data and y* tests for categorical data. To
examine correlations among hormone concentrations with other
covariates, we calculated Spearman correlation coefficients.

Cross-sectional associations of sex hormones with continu-
ous glycemic measures were modeled using multivariable lin-
ear regression, whereas cross-sectional associations of sex
hormones with prediabetes status were modeled using multi-
variable logistic regression. Longitudinal associations of sex
hormones with diabetes incidence and progression were mod-
eled using Poisson regression to estimate incident rate ratios
(IRR), whereas associations with change scores for continuous
glycemic measures were modeled using multivariable linear re-
gression. For both the cross-sectional and longitudinal ana-
lyses, hormone concentrations were individually modeled as
continuous and dichotomous predictors based on cutoffs
from laboratory reference ranges, as described previously. To
estimate nonlinear dose-response models, we created quintiles
of hormone concentrations with quintile 1 as the reference cat-
egory. For continuous hormone models, we conducted Z-score
standardization of hormones using the corresponding sample
mean and SD of the hormone measure from the HCHS/SOL
ancillary study and present findings as a 1 SD increase in hor-
mone concentration. For exploratory analyses, to evaluate
the hypothalamic-pituitary-gonadal axis, we also created the
ratio of LH/testosterone, bioavailable estradiol/bioavailable
testosterone, and estradiol/testosterone in men, as well as
LH/FSH in both men and women. We also mutually controlled
SHBG, estradiol, and testosterone for one another in men. For
both the cross-sectional and longitudinal analyses, stratifica-
tion by sex was obtained by using the domain or subpopulation
commands in SAS or STATA. The longitudinal analyses exam-
ining diabetes incidence and progression were further stratified
by baseline prediabetes status.

Covariates were evaluated as potential confounders by con-
structing a series of models leading to the final model 4 presented
in the tables in this paper. For the cross-sectional analyses, level 1
models adjusted for age in years, BMI, waist/hip ratio, accultur-
ation score-Multi-Ethnic Study of Atherosclerosis, HCHS/SOL
study sites, Hispanic/Latino background, educational attain-
ment, statin medication use, family history of diabetes, and ges-
tational diabetes (women only). Level 2 models adjusted for
covariates in level 1 plus lifestyle factors such as cigarette use, al-
cohol use, healthy eating index, and physical activity. Level 3
models adjusted for covariates in level 2 plus hypertension,
high triglycerides (> 200 mg/dL), and low HDL (< 40 mg/dL),
whereas the final level 4 models adjusted for covariates in level
3 plus hsCRP (continuous). Moreover, for the longitudinal ana-
lysis examining change scores in glycemic measures; level 1 mod-
els additionally adjusted for baseline levels of each glycemic
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measure, prediabetes status at baseline, mean follow-up time be-
tween visit 1 and 2, and antidiabetic medication use at follow-up,
whereas level 2 models additionally adjusted for change in BMI
and waist/hip ratio measurements. Other covariate adjustments
for levels 1 through 4 in the longitudinal analysis were consistent
with the cross-sectional analysis. Finally, before proceeding to
higher level models, we examined model fit using R* and
Akaike Information Criterion for linear and logistic regression
models, respectively. Using level 1 models, we examined model
fit for associations of untransformed and natural log-transformed
hormones with (1) prediabetes and (2) untransformed and nat-
ural log-transformed glycemic measures. We also determined
whether BMI and waist/hip ratio were independent predictors
in both cross-sectional and longitudinal analysis by exploring
change in estimates of hormone concentrations adjusted for
BMI alone, waist/hip ratio alone, and both BMI and waist/hip ra-
tio included in the model. We found no difference in the main es-
timates of interest across these alternative approaches and
included both BMI and waist/hip ratio in subsequent level 2
through 4 models. Overall results did not substantially vary
among the different level models. Therefore, for simplicity, only
level 4 models are presented in the tables.

For the longitudinal analysis, to examine subgroups at high-
er risk, we examined potential effect modification between
hormone concentrations and age, baseline obesity, and
hsCRP by including a product term (hormone*effect modifier)
to level 4 models. Product terms with a P value less than 0.05
were further assessed by stratum specific estimates as follows:
baseline overweight or obesity (BMI> 25 vs <25), age (>me-
dian vs <median; 52 years and 56 years for males and females,
respectively), and CRP (>2 mg/L vs <2 mg/L).

In an effort to explore possible mechanisms by which hor-
mones may be operative (decreased muscle glucose uptake repre-
sented by increased postload glucose vs impaired suppression of
hepatic glucose production represented primarily by increased
fasting glucose as well as increased postload glucose) (68), we
conducted an exploratory subgroup analysis for transition from
prediabetes to diabetes in men and in women using Poisson re-
gression models adjusted for age and BMI at baseline and using
time between visits 1 and 2 as an offset. Prediabetes was defined
by only elevated fasting plasma glucose (100-125 mg/dL) with
normal postload glucose (<140 mg/dL) and by elevated postload
glucose (140-199 mg/dL) with normal fasting plasma glucose
(<100 mg/dL). Likewise, we examined transition from normogly-
cemia to prediabetes defined by only elevated fasting plasma glu-
cose, only elevated postload glucose, and both elevated fasting
plasma glucose and postload glucose. For this subgroup analysis,
we used multinomial logistic regression models adjusting for age
and BMI at baseline to examine associations because of limita-
tions of Poisson regression for nominal outcomes.

Results

Hormones were measured in 1197 women and 1146 men.
Exclusions are summarized in Supplementary Table S1 (62),
with criteria not mutually exclusive. Among women, the lar-
gest number of exclusions were for those who were either
pre- or perimenopausal status (n = 363), followed by those us-
ing exogenous sex steroids (n=41) or thyroid hormones (n=
90). The largest exclusions for men were for use of 5-alpha re-
ductase inhibitors (n=31) followed by use of thyroid medica-
tions (n=21). In addition, 23 women and 58 men were
excluded because of missing data on covariates. The final

numbers included in the analyses in this paper were 693 wom-
en and 1015 men.

Demographic and lifestyle differences at baseline by sex and
prediabetes status are presented in Table 1 and Supplementary
Tables S2 and S3 (62). Both men and women with prediabetes
were somewhat older than those without prediabetes (60.2 vs
58.2, P=0.099 for women; 56.3 vs 54.0, P =0.004 for men).
Similarly, the percent who were obese (BMI >30) was signifi-
cantly higher in those who had prediabetes (51.9 vs 26.6%, P
=0.002 for women: 34.3% vs 20.5%, P=0.001 for men).
Men, but not women, tended to be born outside the mainland
United States (82.9% vs 75.0%, P =0.04) and to have Spanish
rather than English as their preferred language (87.8% vs
78.3%, P=0.009). Men, but not women, with prediabetes
tended to have a lower acculturation scale (1.61 vs 2.15, P <
0001) and to have hypertension (40.2 vs 29.4%, P=0.01).
There were no significant differences by prediabetes status
among either men or women in physical activity, family his-
tory of diabetes, recruitment center, or education.

Correlations among the hormones and selected covariables
are presented in Supplementary Table S4 (62). There were
particularly strong correlations between FSH and LH in wom-
en (r=0.81), and in men (r=0.56), as well as between SHBG
and testosterone in men (r=0.68).

Longitudinal: Men

Progression from normoglycemia and from prediabetes

In men, among the 517 who were normoglycemic at baseline, 233
remained normoglycemic, 274 progressed to prediabetes, and 10
progressed to diabetes. Among the 498 men who were prediabetic
at baseline, 43 were normoglycemic, 219 remained prediabetic,
and 236 progressed to diabetes at follow-up. Results of progres-
sion from normoglycemic to prediabetes and to prediabetes plus
diabetes as well as results of progression from prediabetes to dia-
betes are presented in Table 2 and Supplementary Table S5 (62).
In men, after controlling for confounders, testosterone was in-
versely associated (IRR=0.821; 95% CI, 0.676, 0.997; P=
0.046), whereas low testosterone (IRR = 1.75; 95% CI, 1.18,
2.59; P=0.005) and the estradiol-to-testosterone ratio (IRR =
2.36; 95% CI, 1.02, 5.45; P=0.044) were positively associated
with conversion from prediabetes to diabetes. SHBG was not as-
sociated with conversion from prediabetes to diabetes when ana-
lyzed with SHBG as a continuous variable, but it was significantly
and inversely associated in the fourth and fifth quintiles
(Supplementary Table S5 (62)).

Low testosterone was also positively associated with conver-
sion from normoglycemic to prediabetes (IRR = 1.54; 95%
CI, 1.04,2.27; P=0.031). Testosterone was not significantly as-
sociated with conversion from normoglycemic to prediabetes
when analyzed as a continuous variable; however, each of quin-
tiles 2, 3, and 5 had point estimates suggesting reduced risk vs
quintile 1 (Supplementary Table S5 (62)). FSH was also positive-
ly associated (IRR = 1.08; 95% CI, 1.01, 1.15; P=0.032) and
the ratio of LH/FSH was inversely associated (IRR = 0.81;
95% ClI, 0.66,0.98; P=0.033) with conversion from normogly-
cemic to prediabetes. DHEAS was not associated with conver-
sion to either prediabetes or diabetes (Table 2).

Changes in measures of glucose homeostasis from baseline to
follow-up

Estradiol was positively associated with change in fasting insu-
lin (B = 1.17; 95% CI, 0.31, 2.02; P=0.008) and change in
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Table 1. Demographic characteristics of postmenopausal women and men by baseline diabetes status

Women N =693 Men N=1015
Prediabetic Normoglycemic Prediabetic Normoglycemic
N =388 N=305 N =498 N=517
n (%) or mean n (%) or mean Pvalue n (%) or mean n (%) or mean P value
(95% CI) (95% CI) (95% CI) (95% CI)
Age
Age, vy 60.2 (58.2-62.3) 58.2(56.8-59.6) 0.099  56.3(55.2-57.4) 54.0 (53.0-55.1) 0.004
Age 45-54 135 (26.5) 137 (33.6) 0.336 269 (44.5) 335 (60.1) 0.007
Age 55-64 204 (40.4) 137 (42.1) 172 (35.1) 144 (26.6)
Age 65+ 9(33.1) 1(24.2) 7 (20.4) 8 (13.3)
Hispanic/Latino background”
Dominican 46 (9.6) 33(9.3) 0.871 46 (9.3) 40 (7.2) 0.225
Central American 49 (7.5) 23 (4.9) 0.451 38 (5.3) 47 (9.6) 0.270
Cuban 43 (25.6) 54 (31.9) 0.455 117 (32.5) 89 (24.0) 0.062
Mexican (ref) 148 (33.4) 115 (30.3) ref 174 (29.8) 196 (34.0) ref
Puerto Rican 76 (17.5) 49 (14.9) 0.878 81 (13.4) 82 (17.1) 0.689
South American 21 (3.5) 24 (5.5) 0.227 28 (3.7) 53(5.6) 0.454
More than 1/Other heritage 5(2.9) 7 (3.3) 0.786 14 (5.9) 10 (2.6) 0.088
County of birth
Foreign 297 (78.0) 243 (82.9) 0.321 402 (82.9) 394 (75.0) 0.040
United States (excluding territories) 91 (22.0) 62 (17.1) 96 (17.1) 123 (25.0)
Nativity subscore (MESA)
Non-US born and YRSUS < 10 4(19.81) 62 (25.5) 0.015 102 (24.9) 9 (18.5) 0.000
Non-US born and YRSUS 10-19 2 (18.47) 49 (16.4) 0.140 102 (23.4) 9(17.1) 0.001
Non-US born and YRSUS >20 211 (51.97) 171 (54.0) 0.048 253 (44.8) 248 (47.1) 0.006
US born (ref) 1(9.75) 23 (4.1) ref 41 (7.0) 1(17.3) ref
Language preference
Spanish 340 (91.3) 270 (87.3) 0.311 437 (87.8) 414 (78.3) 0.009
English 48 (8.7) 35 (12.7) 61 (12.2) 103 (21.8)
Educational attainment
Less than high school 193 (41.9) 124 (38.0) 0.208 196 (39.0) 169 (29.9) 0.144
High school diploma/GED 64 (12.6) 67 (21.4) 123 (21.5) 127 (22.0)
Greater than high school diploma or GED 131 (45.6) 114 (40.6) 179 (39.5) 221 (48.1)
Body mass index
Under/normal weight (BMI < 25) 46 (13.3) 72 (26.5) 0.002 76 (20.2) 137 (30.5) 0.001
Overweight (25 <BMI < 30) 133 (34.7) 129 (46.9) 219 (45.5) 261 (49.0)
Obese (BMI > 30) 209 (51.9) 104 (26.6) 203 (34.3) 119 (20.5)
Physical activity level
High 14 (2.8) 21 (5.4) 0.312 87 (15.8) 91 (14.4) 0.583
Moderate 159 (40.4) 135 (46.8) 231 (43.5) 241 (47.8)
Low 215 (56.8) 149 (47.8) 180 (40.7) 185 (37.8)
History of gestational diabetes
No 381 (99.6) 303 (99.7) 0.528 na na
Yes 7 (0.5) 2(0.3) na na
Hypertension (BP > 140/90 or medication use)
No 237 (57.9) 212 (60.0) 0.748 288 (59.8) 385 (70.6) 0.012
Yes 151 (42.1) 93 (40.0) 210 (40.2) 132 (29.4)
Cigarette use
Never (ref) 252 (68.0) 195 (69.1) ref 195 (35.4) 217 (44.3) ref
Former 78 (17.1) 61 (16.5) 0.867 167 (37.4) 179 (31.3) 0.069
Current 58 (14.9) 49 (14.3) 0.862 136 (27.2) 121 (24.4) 0.142

(continued)
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Table 1. Continued
Women N =693 Men N=1015
Prediabetic Normoglycemic Prediabetic Normoglycemic
N=388 N=305 N =498 N=517
n (%) or mean n (%) or mean Pvalue n (%) or mean n (%) or mean P value
(95% CI) (95% CI) (95% CI) (95% CI)
Alcohol use”
None 231 (65.5) 200 (66.2) 0.992 195 (44.4) 206 (44.4) 0.655
Low 151 (32.9) 98 (32.4) 265 (49.4) 266 (47.8)
High 6(1.5) 7 (1.4) 38 (6.2) 45 (7.8)
Family history of diabetes
No 187 (52.2) 180 (61.4) 0.239 269 (58.4) 326 (62.5) 0.382
Yes 201 (47.8) 125 (38.6) 229 (41.6) 191 (37.6)
Statin medication use
No 326 (86.6) 268 (88.6) 0.621 458 (90.8) 480 (91.7) 0.748
Yes 62 (13.5) 37 (11.4) 40 (9.2) 37 (8.3)
Recruitment center
Bronx 105 (29.5) (28.6) 0.808 114 (27.2) 100 (25.4) 0.357
Chicago (ref) 95 (11.2) (11.9) ref 117 (12.5) 151 (14.9) ref
Miami 80 (34.7) (41.0) 0.787 159 (39.6) 140 (33.3) 0.109
San Diego 108 (24.7) (18.5) 0.317 108 (20.7) 126 (26.4) 0.757
Acculturation score—MESA° 1.80(1.57,2.02) 1.73 (1.46,1.99) 0.649  1.61(1.44,1.78) 2.15(1.95,2.34) <0.0001

Abbreviations: BMI, body mass index; BP, blood pressure; MESA, Multi-Ethnic Study of Atherosclerosis; YRSUS, Years living in mainland United States.
“P value of overall test for Hispanic/Latino background: women (P =0.684) and men (P =0.083).
®No alcohol use defined as never or former users, low use defined as <7 drinks/wk for women and <14 drinks/wk for men, high-level use defined as at least 7

drinks/wk for women and at least 14 drinks/wk for men.

“MESA acculturation score is a summary score based on nativity, language spoken at home, and years of residence in the United States, and ranges from 0 to 5 in

0.5 increments. 0 indicates lowest level of acculturation, 5 the highest.

HOMA-IR (B=0.39,95% CI, 0.06,0.72; P = 0.020) (Table 3),
relationships that remained significant after controlling for
SHBG (Supplementary Table S6 (62)). Similarly, bioavailable
estradiol was significantly associated with change in fasting in-
sulin (B = 0.75; 95% CI, 0.16, 1.33; P=0.012) and change in
HOMA-IR (B =0.23;95% CI, 0.03, 0.44; P=0.027). High es-
tradiol, however, was inversely associated with postload glu-
cose (B=-23.48; 95% CI, —-43.57, -3.39; P=0.022)
(Table 4). The total estradiol-to-testosterone and bioavailable
estradiol-to-bioavailable testosterone ratios were inversely re-
lated to change in HOMA-B (estradiol/testosterone: B =
—39.74; 95% CI, —75.85, —3.65; P=0.031; BioE2/BioT: B =
-19.09; 95% CI, -34.11, —4.06; P=0.013) (Table 3).
Testosterone was positively associated with change in
HOMA-B (B = 7.01; 95% CI, 0.85, 13.16; P = 0.026), an asso-
ciation that remained significant after control for SHBG
(Supplementary Table S6). Testosterone was not significantly
associated with change in fasting glucose alone; however, it
was inversely associated with change in fasting glucose control-
ling for SHBG (Supplementary Table S6 (62)). FSH was posi-
tively associated with change in fasting glucose (B=1.25;
95% CI,0.03,2.48; P=0.045) (Table 4). There were no signifi-
cant associations of DHEAS or SHBG with any of the measures
of glucose homeostasis.

Longitudinal: Women

Progression from normoglycemia and from prediabetes

In women, among the 305 who were normoglycemic at base-
line, 141 remained normoglycemic, 157 progressed to

prediabetes, and 7 progressed to diabetes. Among the 388
women who were prediabetic at baseline, 25 were normoglycem-
ic, 174 remained prediabetic, and 189 progressed to diabetes at
follow-up. Results of progression from normoglycemic to predia-
betes and to prediabetes plus diabetes as well as results of progres-
sion from prediabetes to diabetes are presented in Table 5 and
Supplementary Table S7 (62).

SHBG was inversely associated with conversion from pre-
diabetes to diabetes (IRR=0.62; 95% CI, 0.44, 0.86; P=
0.005) but not from normoglycemic to prediabetes after con-
trolling for potential covariates (Table 5). LH was inversely
associated with conversion from prediabetes to diabetes in
quintiles 2, 3, and 4 (Supplementary Table S7 (62)), but not
when analyzed as a continuous variable. There were no signifi-
cant associations with conversion from normoglycemic to
prediabetes.

Changes in measures of glucose homeostasis from baseline to
follow-up

SHBG was inversely associated with change in HbAlc
(B=-0.04; 95% CI, —0.06, —0.01; P=0.002) and postload
glucose (B=-6.58; 95% CI, —9.90, —3.27; P<0.0001)
(Table 4). Low estradiol was inversely associated with change
in HbAlc (B=-0.059; 95% CI -0.116, —0.002;
P=0.042). LH and FSH were inversely associated with
change in fasting glucose (LH: p=-1.05; 95% CI, —1.92,
—-0.19; P=0.017; and FSH, p=-1.13; 95% CI, —-1.99,
—0.27; P=0.011). FSH was inversely associated with change
in HOMA-IR (B=-0.30; 95% CI, -0.56, —0.03; P=0.027)
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Normoglycemic at baseline—

prediabetes or diabetes at

Normoglycemic at baseline—

prediabetes at follow-up

Prediabetic at baseline— diabetes

at follow-up N =236/498

follow-up N = 284/517 N =274/507

IRR (95% CI) P value IRR (95% CI) P value IRR (95% CI) P value
LH (mIU/mL) 1.02 (0.93, 1.12) 0.667 1.02 (0.93, 1.12) 0.651 0.93 (0.80, 1.09) 0.368
High LH 1.07 (0.79, 1.44) 0.670 1.05 (0.77, 1.44) 0.739 0.86 (0.57, 1.27) 0.442
FSH (mIU/mL) 1.07 (1.00, 1.15) 0.036 1.08 (1.01, 1.15) 0.032 1.03 (0.91, 1.16) 0.668
High FSH 1.25 (0.86, 1.81) 0.242 1.26 (0.87, 1.84) 0.222 1.16 (0.75, 1.79) 0.507
LH/FSH ratio 0.82 (0.67, 0.99) 0.037 0.81 (0.66, 0.98) 0.033 0.91 (0.69, 1.21) 0.530
SHBG (nmol/L) 1.05 (0.96, 1.16) 0.284 1.05 (0.95, 1.16) 0.329 0.85 (0.63, 1.15) 0.299
E2 (pmol/L) 1.02 (0.92, 1.13) 0.735 1.02 (0.91, 1.13) 0.767 0.94 (0.81, 1.08) 0.395
High E2 0.86 (0.56, 1.32) 0.478 0.84 (0.53, 1.31) 0.440 0.92 (0.43, 1.95) 0.826
Bio E2 (pmol/L) 0.98 (0.87, 1.10) 0.747 0.98 (0.87, 1.11) 0.760 0.97 (0.85, 1.11) 0.678
T (ng/dL) 0.97 (0.87, 1.08) 0.587 0.97 (0.87, 1.08) 0.553 0.82 (0.68, 0.997) 0.046
Low T 1.52 (1.04, 2.23) 0.031 1.54 (1.04, 2.27) 0.031 1.75 (1.18, 2.59) 0.005
Bio T (ng/dL) 0.93 (0.84, 1.03) 0.152 0.93 (0.84, 1.03) 0.168 0.89 (0.76, 1.05) 0.182
E/T ratio 1.01 (0.73, 1.39) 0.955 1.01 (0.73, 1.40) 0.959 2.36 (1.02, 5.45) 0.044
Bio E2/Bio T ratio 1.00 (0.85, 1.17) 0.953 0.99 (0.84, 1.17) 0.941 1.46 (0.84, 2.52) 0.178
LH/T ratio 0.50 (0.16, 1.59) 0.240 0.50 (0.16, 1.59) 0.237 a
DHEAS (pmol/L) 1.00 (0.87, 1.16) 0.965 1.01 (0.87, 1.17) 0.891 1.04 (0.90, 1.19) 0.624

Model adjusted for age, BMI, waist/hip ratio, Hispanic background, acculturation score-MESA, recruitment site, education, statin medication use, family
history of diabetes, cigarette use, alcohol use, physical activity, hypertension, high triglycerides, low HDL, and CRP. Individual continuous hormone
concentrations are standardized using the following SDs: LH, 4.00 mIU/mL; FSH, 6.96 mIU/mL; SHBG, 28.65 nmol/L; E2, 40.40 pmol/L; Bio E2,26.90 pmol/

L; T, 169.95 ng/dL; Bio T, 49.11 ng/dL; DHEAS, 2.51 pmol/L. Dichotomized and ratio hormone measures are not standardized.

Abbreviations: Bio E2, bioavailable estradiol; Bio T, bioavailable testosterone; BMI, body mass index; CRP, C-reactive protein; DHEAS,
dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating hormone; HDL, high-density lipoprotein; IRR, incident rate radio; LH, luteinizing
hormone; MESA, Multi-Ethnic Study of Atherosclerosis; SHBG, sex hormone binding globulin; T, testosterone.

“Estimate unstable.

(Table 3). There was no significant association of DHEAS
with any of the diabetes endpoints.

Effect Modification

Associations of hormones with prospective measures of glu-
cose homeostasis by baseline overweight/obesity vs normal/
underweight (BMI >25 vs <25), age (>median vs <median),
and CRP (>2 mg/L vs <2 mg/L) are shown in Supplementary
Tables S8 and S9 (62) and in Fig. 1 (for those with interaction
terms P < 0.05)

BMI

In women, change in HOMA-IR and fasting insulin were in-
versely related to LH only in women who were overweight
or obese. In men, change in HbA1c was inversely associated
with testosterone and bioavailable testosterone, change in
HOMA-B was inversely associated with SHBG, and change
in LH and FSH were inversely associated with the transition
from prediabetes to diabetes but only in those who were not
overweight or obese. Change in fasting insulin was positively
associated with E2, bioavailable E2, and testosterone; SHBG
was positively associated with change in HOMA-B; and tes-
tosterone was inversely associated with the transition from
normal to prediabetes in those who were overweight or obese.

Age
In women, SHBG was inversely associated with the transition
from prediabetes to diabetes, with the association significant

only in those above the median age (aged 56 years for women
and 52 years for men). SHBG was also inversely associated
with change in fasting insulin and HOMA-B, only in women
above the median age. In men, change in HbA1c was positive-
ly associated with FSH, and estradiol and bioavailable estra-
diol were positively associated with change in HOMA-B in
those below the median age.

CRP

In women, change in HbAlc was inversely associated with low
E2 among those with normal CRP. In men, testosterone was in-
versely associated with conversion from normoglycemia to pre-
diabetes and bioavailable testosterone was inversely associated
with change in postload glucose only in those with high CRP.

Separation of Hormonal Impact on Transitions From
Normoglycemia to Prediabetes and From
Prediabetes to Diabetes Using 2 Definitions of
Prediabetes
Prediabetes can arise from dysfunction in multiple metabolic tis-
sues, resulting in unique physiological signatures. To identify
possible mechanisms of hormonal action on the development
of diabetes and prediabetes, we defined prediabetes by fasting
glucose without other abnormal glucose parameters and by post-
load glucose without other abnormal glucose parameters.

In women, the inverse association of SHBG with transition
from prediabetes to diabetes was not significant when prediabe-
tes was defined by fasting glucose nor when it was defined by
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Table 3. Association of hormones with prospective change in continuous insulin and HOMA outcomes

Fasting insulin change score” HOMA-B change score” HOMA-IR change score®

B (95% CI)* P value B (95% CI)® P value B (95% CI)© P value
‘Women
LH —0.30 (-1.18, 0.58) 0.502 4.51 (-3.35,12.37) 0.259 -0.13 (-0.41, 0.15) 0.371
FSH -0.86 (-1.73, 0.02) 0.054 0.17 (-8.90, 9.25) 0.970 —-0.30 (-0.56, —0.03) 0.027
LH/FSH ratio —0.47 (-3.65,2.71) 0.771 13.83 (—=17.01, 44.66) 0.378 -0.20 (-1.14, 0.75) 0.684
SHBG -1.18 (-2.48,0.13) 0.077 —7.48 (-16.75,1.79) 0.113 —-0.36 (—0.78, 0.06) 0.095
Low E2 0.89 (—1.81, 3.59) 0.518 5.02 (-13.06, 23.11) 0.585 0.27 (-0.59, 1.13) 0.540
DHEAS 0.01 (-0.85, 0.87) 0.988 1.76 (-8.91, 12.42) 0.746 0.01 (-0.24, 0.25) 0.957
Men
LH 0.37 (-0.54, 1.27) 0.426 -3.23 (-8.26, 1.79) 0.206 0.17 (-0.17,0.51) 0.323
High LH 0.27 (-1.66, 2.20) 0.783 —12.94 (-26.34, 0.46) 0.058 0.25 (-0.44, 0.94) 0.476
FSH 0.50 (—0.46, 1.46) 0.306 -3.69 (-9.11, 1.74) 0.182 0.23 (-0.12, 0.57) 0.193
High FSH 2.54 (-0.93, 6.01) 0.151 —7.33 (-26.20, 11.55) 0.446 1.05 (-0.22, 2.31) 0.104
LH/FSH ratio -0.11 (-1.23, 1.01) 0.847 1.93 (-6.94, 10.79) 0.669 —-0.05 (—0.43, 0.33) 0.796
SHBG 1.24 (-0.18, 2.66) 0.086 1.85 (—4.59, 8.29) 0.573 0.45 (-0.10, 1.00) 0.112
E2 1.17 (0.31, 2.02) 0.008¢ 3.08 (-2.42, 8.58) 0.271 0.39 (0.06, 0.72) 0.020¢
High E2 3.10 (-2.11, 8.31) 0.242 9.83 (=7.78, 27.44) 0.273 1.18 (-0.91, 3.26) 0.267
Bio E2 0.75 (0.16, 1.33) 0.012 1.99 (-3.93,7.92) 0.509 0.23 (0.03, 0.44) 0.027
T 0.78 (—0.08, 1.63) 0.075 7.01 (0.85, 13.16) 0.0264 0.24 (-0.07, 0.54) 0.125
Low T —0.68 (—4.00, 2.64) 0.689 -26.93 (—-64.21, 10.36) 0.156 -0.21 (-1.36, 0.93) 0.715
Bio T 0.04 (-0.64, 0.72) 0.914 4.87 (-1.19,10.92) 0.115 —-0.03 (-0.26, 0.20) 0.827
E2/T ratio 0.84 (—1.36, 3.05) 0.452 -39.74 (-75.83, —3.65) 0.031 0.38 (-0.32, 1.08) 0.284
Bio E2/Bio T ratio 0.49 (-0.64, 1.61) 0.399 -19.09 (-34.11, —4.06) 0.013 0.22 (-0.14, 0.58) 0.239
LH/T —1.35 (-3.55, 0.84) 0.227 ¢ -0.03 (-0.78, 0.71) 0.929
DHEAS -0.43 (-1.18, 0.31) 0.254 -3.83(-9.93,2.28) 0.218 -0.13 (-0.37, 0.12) 0.318

Model adjusted for baseline diabetes status, time between visits, diabetes medication at follow-up, age, BMI, waist-hip ratio, acculturation score, recruitment
site, Hispanic background, education, statin use, family history of diabetes, gestational diabetes (women only), cigarette use, alcohol use, physical activity, BMI
change (visit 1-visit 2), waist/hip ratio change (visit 1-visit 2), hypertension, high triglycerides, low HDL, CRP. Individual continuous hormone concentrations
are standardized using the following standard deviations for men: LH, 4.00 mIU/mL; FSH, 6.96 mIU/mL; SHBG, 28.65 nmol/L; E2, 40.40 pmol/L; Bio E2,
26.90 pmol/L; T, 169.95 ng/dL; Bio T, 49.11 ng/dL; DHEAS, 2.51 pmol/L. Individual continuous hormone concentrations are standardized using the
following standard deviations for women: LH, 11.73 mIU/mL; FSH, 24.85 mIU/mL; SHBG 29.24 nmol/L; DHEAS, 1.35 pmol/L. Dichotomized and ratio
hormone measures are not standardized.
Abbreviations: Bio E2, bioavailable estradiol; Bio T, bioavailable testosterone; BMI, body mass index; CRP, C-reactive protein; DHEAS,
dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating hormone; HDL, high-density lipoproteiny HOMA-B, homeostatic model assessment
index of B-cell function; HOMA-IR, homeostatic model assessment index of insulin resistance; LH, luteinizing hormone; SHBG, sex hormone binding globulin;
T, testosterone.
“Ad]ustcd for baseline fasting insulin.

Adjusted for baseline HOMA-B.

Ad]usted for baseline HOMA-IR.

Significant (P < 0.05) after adjustment for SHBG.

“Estimate unstable.

postload glucose (Supplementary Table S10 (62)). In men, the
inverse associations of testosterone, bioavailable testosterone,
and LH with transition from prediabetes to diabetes were sig-
nificant, whereas associations of SHBG and estradiol were of
borderline significance but only when prediabetes was defined
by postload glucose. There were no significant associations of
hormones with transition from normoglycemic to prediabetes
(Supplementary Table S11 (62)) in either sex using either fast-
ing or postload glucose, except for the ratio of LH/testosterone
in men, which was inversely associated with transition to pre-
diabetes when prediabetes was defined by fasting glucose alone.

Cross-sectional: Men

In men at baseline, after controlling for potential confounders,
SHBG was inversely associated with prevalent prediabetes vs
normoglycemia, fasting glucose, and HbAlc; and positively

associated with HOMA-B (Supplementary Tables S12 and S13
(62)), but only the association with HOMA-B remained signifi-
cant after controlling for testosterone (Supplementary Table S6
(62)). Testosterone was inversely associated with prediabetes,
HbA1c, postload insulin, postload glucose, and HOMA-B, and
bioavailable testosterone was inversely associated with fasting in-
sulin, HOMA-IR, and HOMA-B, whereas low testosterone was
positively associated with HbAlc and HOMA-B. The associa-
tions of testosterone with fasting insulin, HOMA-B, postload in-
sulin, and postload glucose remained significant on controlling
for SHBG (Supplementary Table S6 (62)). Associations of other
hormones with measures of glucose homeostasis were variable.

Cross-sectional: Women

In women, SHBG was inversely associated with HbA1c, fast-
ing glucose, fasting insulin, postload insulin, postload glucose,
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Table 4. Association of hormones with prospective change in continuous glucose outcomes

HbA1c¢ change score” Fasting glucose change score” Postload glucose change score®?

B (95% CI)* Pvalue B (95% CI)° Pvalue B (95% CIf P value
‘Women
LH —0.02 (-0.04, 0.01) 0.129 -1.05 (-1.92, -0.19) 0.017 -1.73 (=5.53, 2.06) 0.369
FSH —0.019 (-0.042, 0.004) 0.108 -1.13 (-1.99, -0.27) 0.011 —2.34 (—6.48,1.79) 0.265
LH/FSH ratio —0.002 (-0.137, 0.133) 0.976 -1.37 (-4.79, 2.04) 0.430 —-9.03 (-27.47,9.41) 0.336
SHBG —0.04 (-0.06, —0.01) 0.002 —0.72 (-1.68, 0.25) 0.145 —6.58 (-9.90, -3.27) 0.0001
Low E2 ~0.059 (=0.116, —0.002)  0.042 0.88 (—1.46, 3.22) 0.460 0.58 (~8.83, 9.99) 0.904
DHEAS ~0.01 (=0.04, 0.02) 0.435 0.16 (—0.78, 1.11) 0.733 ~0.32 (=4.03, 3.40) 0.867
Men
LH ~0.01 (—0.04, 0.03) 0.660 1.02 (=0.17,2.21) 0.093 ~3.29 (=7.19, 0.61) 0.098
High LH ~0.01 (—0.13, 0.10) 0.793 2.44 (=0.69, 5.56) 0.127 2.59 (-8.16, 13.34) 0.636
FSH 0.003 (=0.037, 0.042) 0.897 1.25 (0.03, 2.48) 0.045 ~3.26 (-8.41, 1.88) 0.213
High FSH 0.01 (-0.13, 0.15) 0.882 3.71 (-1.05, 8.47) 0.127 -9.05 (—24.20, 6.10) 0.241
LH/FSH ratio 0.01 (-0.05, 0.06) 0.792 0.27 (—1.87,2.41) 0.804 5.69 (—0.86, 12.24) 0.088
SHBG —-0.02 (-0.06, 0.02) 0.357 0.29 (-1.30, 1.88) 0.721 —3.62 (-7.68,0.43) 0.080
E2 —0.03 (-0.07, 0.01) 0.097 0.14 (-1.22, 1.50) 0.839 -1.91 (-5.61, 1.79) 0.310
High E2 0.005 (-0.172, 0.181) 0.960 0.90 (—4.00, 5.80) 0.718 —23.48 (—43.57,-3.39) 0.022
Bio E2 —0.03 (=0.06, 0.01) 0.154 0.10 (-1.30, 1.51) 0.884 —0.46 (—4.79, 3.87) 0.835
T —0.02 (-0.0S5, 0.02) 0.356 —0.78 (-2.12, 0.56) 0.251¢ —-2.10 (—6.46, 2.26) 0.345
Low T 0.02 (—0.34, 0.38) 0.908 2.05 (=8.12,12.22)  0.693 23.31 (=5.58, 52.19) 0.113
Bio T 0.004 (=0.034, 0.041) 0.850 ~0.54 (—1.80, 0.73) 0.406 0.10 (=4.70, 4.90) 0.969
E2/T ratio ~0.03 (=0.21, 0.15) 0.777 3.55 (—1.83, 8.94) 0.195 9.57 (~13.74, 32.87) 0.420
Bio E2/Bio T ratio ~0.01 (=0.09, 0.07) 0.789 1.56 (=0.69, 3.81) 0.173 0.92 (—8.29, 10.14) 0.844
LH/T 0.15 (=0.01, 0.31) 0.060 f f
DHEAS ~0.03 (=0.10, 0.05) 0.494 ~0.23 (-2.28, 1.82) 0.825 2.80 (—2.62, 8.23) 0.310

Model adjusted for baseline diabetes status, time between visits, diabetes medication at follow-up, age, BMI, waist/hip ratio, acculturation score, recruitment
site, Hispanic background, education, statin use, family history of diabetes, gestational diabetes (women only), cigarette use, alcohol use, physical activity, BMI
change (visit 1-visit 2), waist-hip ratio change (visit 1-visit 2), hypertension, high triglycerides, low HDL, CRP. Individual continuous hormone concentrations
are standardized using the following SDs for men: LH, 4.00 mIU/mL; FSH, 6.96 mIU/mL; SHBG, 28.65 nmol/L; E2, 40.40 pmol/L; Bio E2, 26.90 pmol/L; T,
169.95 ng/dL; Bio T, 49.11 ng/dL; DHEAS, 2.51 pmol/L. Individual continuous hormone concentrations are standardized using the following SDs for women:
LH, 11.73 mIU/mL; FSH, 24.85 mIU/mL; SHBG 29.24 nmol/L; DHEAS, 1.35 pmol/L. Dichotomized and ratio hormone measures are not standardized.
Abbreviations: Bio E2, bioavailable estradiol; Bio T, bioavailable testosterone; BMI, body mass index; CRP, C-reactive protein; DHEAS,
dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating hormone; HbA1c, hemoglobin Alc; HDL, high-density lipoprotein; LH, luteinizing
hormone; SHBG, sex hormone binding globulin; T, testosterone.

“Adjusted for baseline HbAlc.

bAdjusted for baseline fasting glucose.

“Adjusted for baseline postload glucose.

“Women, N =518; men, N=832.

“Significant (P < 0.05) after adjustment for SHBG.

Estimate unstable.

HOMA-IR, and HOMA-B (Supplementary Tables S12 and pituitary hormones also generally are consistent with protective
S$13 (62)). Cross-sectional and longitudinal results are sum- effects of testosterone and adverse effects of estradiol with nega-
marized in Tables 6-9. tive feedback on the pituitary, although results again are not
consistent across glycemic traits.

A novel aspect of this study was the ability to examine associ-

Discussion ations at different stages of development of diabetes, including
The strongest associations with glycemic traits in this study  transition from normoglycemia to prediabetes and from predia-
were the inverse associations of testosterone and bioavailable betes to diabetes. The stronger associations of testosterone among
testosterone in men and SHBG in women, findings thatarecon- ~ men and SHBG among women with transition from prediabetes
sistent with previous literature summarized below. These asso- to diabetes than from normoglycemia to prediabetes, suggest that
ciations were significant after controlling for demographic and testosterone and SHBG are operative later in the stages of diabetes
lifestyle factors as well as systemic inflammation as measured  development. Also, consistent with later effects is the positive as-
by CRP levels. Although there is evidence of effect modification sociation of testosterone with change in HOMA-B, without asso-
by age, BMI, and CRP, associations in stratified analyses were ciations with other measures of glucose homeostasis, in
not consistent. In addition, there was some evidence for estra- longitudinal analyses. The inverse associations in men of testoster-
diol having adverse effects, more in men than women, although one, bioavailable testosterone, and LH with transition from pre-

the results varied across the various glycemic traits. Results for diabetes defined by postload glucose, but not when it was defined
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Table. 5. Association of hormones with diabetes progression at visit 2 among women

1719

Normoglycemic at baseline —

prediabetes or diabetes at

Normoglycemic at baseline —
prediabetes at follow-up, N =

Prediabetic at baseline — diabetes
at follow-up, N =189/388

follow-up, N = 164/305 157/298

IRR (95% CI) P value IRR (95% CI) P value IRR (95% CI) P value
LH (mIU/mL) 0.93 (0.82, 1.05) 0.230 0.92 (0.81, 1.05) 0.214 0.77 (0.54, 1.10) 0.151
FSH (mIU/mL) 0.92 (0.79, 1.06) 0.250 0.91 (0.78, 1.06) 0.232 0.77 (0.58, 1.04) 0.086
LH/FSH ratio 1.12 (0.69, 1.81) 0.657 1.15 (0.71, 1.86) 0.580 0.40 (0.07, 2.27) 0.300
SHBG (nmol/L) 0.94 (0.81, 1.09) 0.404 0.95 (0.81, 1.10) 0.466 0.62 (0.44, 0.86) 0.005
Low E2 0.81 (0.59, 1.10) 0.174 0.79 (0.57, 1.08) 0.132 1.25 (0.75, 2.09) 0.391
DHEAS (pmol/L) 0.89 (0.75, 1.05) 0.169 0.89 (0.74, 1.06) 0.191 0.79 (0.61, 1.02) 0.076

Model adjusted for age, BMI, waist to hip ratio, Hispanic background, acculturation score-MESA, recruitment site, education, statin medication use, family
history of diabetes, gestational diabetes, cigarette use, alcohol use, physical activity, hypertension, high triglycerides, low HDL, and CRP. Individual continuous
hormone concentrations are standardized using the following standard deviations: LH, 11.73 mIU/mL; FSH, 24.85 mIU/mL; SHBG 29.24 nmol/L; DHEAS,
1.35 pmol/L. Dichotomized and ratio hormone measures are not standardized.
Abbreviations: BMI, body mass index; CRP, C-reactive protein; DHEAS, dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating hormone; HDL,
high-density lipoprotein; IRR, incident rate ratio; LH, luteinizing hormone; MESA, Multi-Ethnic Study of Atherosclerosis; SHBG, sex hormone binding globulin.

Women: Prediabic at baseline

Modified by Age

SHBG Below the median k ®

Above the median b ®

Low Estradiol Below the Median

Above the median

Men: Normoglycemic at baseline
Modified by BMI

Estradiol Normal/Underweight
Overweight/Obese

Testosterone Normal/Underweight
Overweight/Obese

Modified by CRP

Normal CRP
High CRP
Estradiol Normal CRP

Testosterone

High CRP

Men: Prediabetic at baseline

Modified by Age

Bioavailable Testosterone Below the median
Above the median

Modified by BMI

LH  Normal/Underweight

Overweight/Obese
FSH Normal/Underweight .
Overweight/Obese >E—O—<
T f T |
0.25 0.5 1 2 4
IRR (95% CI)

Figure 1. Effect modification by age, body mass index, and C-reactive protein on association between standardized hormones and diabetes

progression.

by fasting glucose, suggests that the effect may be primarily
through effects on muscle glucose uptake, although effects on
postprandial regulation of hepatic glucose production also may
be involved (68). Estradiol was not related to glycemic transition
in men, nor was low estradiol associated with transition in wom-
en. There were, however, positive associations in men of estradiol
with changes in insulin levels and HOMA-IR, but not with
changes in other measures of glucose homeostasis, suggesting
an effect at an early stage of diabetes development.

Previous Literature

SHBG

This study confirms inverse associations of SHBG with se-
lected measures of glucose regulation that have been noted

elsewhere (7-9, 11, 12, 17-31), with some studies finding
more consistent associations in women than men (8, 49,
69). Among women in our study, some associations with
measures of glucose persisted in both cross-sectional and lon-
gitudinal analyses, in which there were inverse associations
with conversion from prediabetes to diabetes, but not from
normoglycemic to prediabetes, as well as with changes in
HbA1c and postload glucose. In men, however, there were in-
verse associations in cross-sectional analyses, but in longitu-
dinal analyses, there was no significant association in
conversion from normoglycemic to prediabetes, nor were
there any with changes in any of the continuous variables.
The association with conversion from prediabetes to diabetes
with SHBG in the higher quintiles, but not when analyzed as a
continuous variable, suggests the possibility of a threshold
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Table 7. Summary of cross-sectional and longitudinal associations of hormones with diabetes status among women

Prediabetes vs
normoglycemic at baseline

Normoglycemic at baseline —

prediabetes or diabetes at follow-up

Prediabetic at baseline —
diabetes at follow-up

Normoglycemic at baseline -
prediabetes at follow-up

LH — —
FSH — —

LH/FSH — —
ratio

SHBG — _
Low E2 — —
DHEAS — —

— l“

Abbreviations: DHEAS, dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating hormone; LH, luteinizing hormone; SHBG, sex hormone

binding globulin.

- Nonsignificant findings.

| Significant inverse association after adjustment.
“Association determined from modeling hormone quintiles.

studies (73-75). There is biologic plausibility to a protective
effect of DHEA, which has been shown to increase glucose up-
take in human adipocytes by stimulating GLUT4 and GLUT1
translocation to the plasma membrane (76).

Estrogens

The role of estrogens in the development of diabetes is unclear.
In men, there is evidence that endogenous estrogens increase
risk or diabetes and prediabetes in some (6, 8, 11, 18) but
not all (17, 23) studies. In postmenopausal women, diabetes
has been positively associated with endogenous estrogens (8,
34,44-46) and bioavailable estrogens (46,47). In contrast, ex-
ogenous postmenopausal hormones, both estrogens alone as
well as those in combination with progestins, have generally
been associated with lower risk of diabetes (50-53).
Estrogen receptors ERo and ERB, as well as a more recently
discovered membrane estrogen receptor, GPR30, affect glu-
cose homeostasis, in part through GLUT4 regulation (38-
43, 77) with effects potentially dose dependent (77).
Activation of ERa induces insulin biosynthesis and pancreatic
B-cell survival (42) and may protect against glucose intoler-
ance by controlling inflammation and body weight (78).
ERB and the ERo/ERp ratio could also affect glucose homeo-
stasis through alterations in peroxisome proliferator-
activated receptor y signaling, with studies in ovariectomized
rats showing that early, but not late, replacement with estro-
gens prevents oxidative stress through changes in the ERo/
ERp ratio (78).

In our longitudinal analyses, low estradiol in women was
inversely associated with change in HbAlc, consistent with
previous studies (6, 8, 34, 44, 45, 47). In men, on cross-
sectional analyses, high estradiol was positively associated
with postload glucose, whereas on longitudinal analyses, es-
tradiol was positively associated with change in fasting insulin
and HOMA-IR, and high estradiol was inversely associated
with postload glucose. There were no associations of estradiol
with other measures of glucose homeostasis. Levels of estra-
diol in these postmenopausal women, however, were low,
with 71% of subjects having levels below the lower limit of de-
tection (18.4 pmol/L). Furthermore, we did not have measure-
ments of estrone, which is converted from androgens in
adipose tissue and is the predominant estrogen in postmeno-
pausal women.

Gonadotropins

The few studies that have examined associations of pituitary
hormones with glucose homeostasis have more consistently
found inverse associations of FSH and or LH with measures
of diabetes and prediabetes in women (56-59) than in men
(19, 57). Hypothesized mechanisms include negative pituitary
feedback from elevated peripheral estrogens and/or obesity as-
sociated with increased inflammation (58).

In women in this study, the ratio of LH/FSH, but not LH or
FSH individually, was inversely related to HbAlc in cross-
sectional analyses. On longitudinal analyses, consistent with
previous studies, both LH and FSH were inversely associated
with change in fasting glucose and FSH was inversely associ-
ated with change in HOMA-IR. LH was also inversely associ-
ated with conversion from prediabetes to diabetes in selected
quintiles, but not when analyzed as a continuous variable. The
inverse associations with pituitary hormones are consistent
with increased effects of estrogens on glycemic measures and
negative feedback on pituitary hormones.

Among men in our study, cross-sectional analyses revealed
that high LH was positively associated with fasting glucose
and FSH was positively associated with postload glucose, con-
sistent with low testosterone increasing the risk of diabetes
and higher LH reflecting pituitary feedback in response to
low testosterone. In longitudinal analyses, FSH was positively
related to and the ratio of LH/FSH was inversely related to
conversion from normal to prediabetes, whereas FSH was
positively related to change in fasting glucose.

Strengths and Limitations

This is the largest population-based study in Hispanic/Latino
adults of relationships of endogenous sex hormones with lon-
gitudinal measures of glucose homeostasis. It provides a
unique opportunity to examine effects of endogenous hor-
mones on the development of glucose homeostasis at various
stages of diabetes development. The results, in identifying
stages of development of diabetes at which sex hormones
may be operative, will assist, not only in understanding the
pathogenesis of the disease, but also in identifying individuals
who might be at future risk and amenable to intervention at
different stages of the disease, as well as the utility of interven-
tions that modulate endogenous sex hormones. Other
strengths include careful classification of menopause status us-
ing hormones and clinical data, robust identification and
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Table 9. Summary of cross-sectional and longitudinal associations of hormones with diabetes status among men

Prediabetes vs
normoglycemic at
baseline

Normoglycemic at baseline —
prediabetes or diabetes at follow-up prediabetes at follow-up

Prediabetic at baseline —
diabetes at follow-up

Normoglycemic at baseline —

LH — —
High LH — —
FSH — 1

High FSH — —
LH/FSH ratio — 1

SHBG | —
E2 — —
High E2 — —
Bio E2 — —
T !

Low T —
Bio T — —
E2/T ratio — —
Bio E2/Bio T ratio — —
LH/T ratio — —
DHEAS — —

Abbreviations: Bio E2, bioavailable estradiol; Bio T, bioavailable testosterone; DHEAS, dehydroepiandrosterone sulfate; E2, estradiol; FSH, follicle stimulating
hormone; LH, luteinizing hormone; SHBG, sex hormone binding globulin; T, testosterone.

- Nonsignificant findings.
1 Significant positive association after adjustment.
| Significant inverse association after adjustment.

“Association determined from modeling hormone quintiles, indicating possible threshold effect.

exclusion of participants taking medications that affect hor-
mone levels, assessment of multiple steady-state and provoca-
tive measures of glucose homeostasis, and complete follow-up
of the subgroup examined in this study.

There are, however, some limitations. The results cannot be
generalized to other racial and ethnic groups. Levels of estro-
gens in these postmenopausal women were too low and
the percent of estradiol below the limit of detection (71%)
too high to fully assess the relationships of estradiol and bio-
available estradiol with glucose homeostasis. In addition,
stored serum volumes were inadequate for measurement of
testosterone in women. Overall, but not specific, diabetes
medication usage was available for visit 2; therefore, analyses
examining change in continuous outcomes may not adequate-
ly control for differential medication effects. Hormone levels,
as well as use of steroid hormone and hormone modifying
medications, were obtained only at baseline. Although the
numbers within sex-stratified groups were large, power is lim-
ited for some subgroup analyses, including by Hispanic/
Latino background, prediabetes subtype, effect modification,
and more detailed examination of nonlinear associations. In
addition, it is possible that our analyses overadjust for CRP,
lipids, and BMI if they are in the causal pathway, highlighting
the need for further investigation of mediation pathways. The
large number of comparisons present a risk of type Il error and
the analyses are therefore exploratory. Inferences rest on bio-
logic plausibility as well as consistency of results with previous
literature and among associations shown in this study.

Conclusions

Inverse associations of SHBG and testosterone in men and
SHBG in women with measures of glucose homeostasis in

this population-based study of Hispanic/Latino adults are
consistent with previous literature. The stronger associations
with transition from prediabetes to diabetes than from
normoglycemic to prediabetes suggest that testosterone and
SHBG are operative at later stages of development of diabetes.
There are some suggestions that estradiol in men may increase
risk of insulin resistance; however, biologic pathways by
which endogenous sex hormones affect glucose homeostasis
await future studies.
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