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Abstract

Objectives—To determine if ghrelin and adipocytokine (leptin, adiponectin, resistin) levels vary
with menopause stage or with estradiol (E2), testosterone (T), follicle-stimulating hormone (FSH)
and sex hormone-binding globulin (SHBG) concentrations measured in three stages of the
menopause transition.

Methods—A study of adipocytokines and menopause was nested in a population-based,
longitudinal study of Caucasian women [Michigan Bone Health and Metabolism Study (MBHMS)].
Annual serum and urine samples, available from the MBHMS repository, were selected to correspond
to the pre-, peri-, and postmenopause stages of the menopause transition. Participants included forty
women, stratified into obese vs. non-obese groups based upon their baseline body mass index, who
had specimens corresponding to the three menopause stages.

Results—Mean resistin levels were approximately two times higher during premenopause
compared to peri- or postmenopause. There were significantly lower adiponectin and higher ghrelin
levels in the perimenopause stage, compared to either the pre- or postmenopause stage. Increases in
FSH concentrations were significantly and positively associated with higher leptin in non-obese
women (P<0.01) but not in obese women (P<0.23). Increases in FSH concentrations were also
significantly (P<0.005) and positively associated with higher adiponectin concentrations but were
negatively associated with ghrelin concentrations (P<0.005). Associations remained following
adjustment for waist circumference, waist circumference change, chronological age, and time
between measures.

Conclusions—Menopause stages and underlying FSH changes are associated with notable
changes in levels of the metabolically-active adipocytokines and ghrelin and these changes may be
related to selected health outcomes observed in women at mid-life.
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INTRODUCTION

Longitudinally, we have demonstrated changes in body fat and its distribution during the
menopause transition [1], but the health-related implications for these body composition
changes are ill-defined. In addition to being an energy reservoir, adipose tissue is an endocrine
organ and site of sex steroid metabolism and leptin production [2-4]. It remains to be
demonstrated whether sex steroid production or their change impacts the size and distribution
of fat cells or, conversely, whether products associated with fat cells influence sex steroid level
changes, particularly those associated with the menopause.

Reports suggest that adipocytokines and ghrelin are related to reproduction and menopause.
In studies of infertility, high leptin levels reduce ovarian responsiveness to gonadotropin
treatment [5] leading investigators to suggest that leptin represents a physiological link between
obesity and infertility [6]. Agarwal [6] argued that high physiologic concentrations of leptin
could interfere with the dominant follicle's estradiol (E2) production and with aromatase
enzyme activity or expression. Such an effect could produce an inadequate luteinizing hormone
(LH) surge and an immature or absent preovulatory follicle. Since the menopause transition
includes a diminished number of follicles available for selection and the increasing likelihood
that no viable dominant follicle is produced, factors that impinge upon follicle selection may
alter age at menopause.

Compared to non-obese women, obese women may have a different age at menopause,
different menopausal bleeding patterns and symptom pattern [7], but there have been limited
study of the adipocytokines to explain this variation. In Japanese women, adiponectin levels
were similar in premenopausal and postmenopausal women [8]. Ghrelin was negatively
correlated with measures of adiposity in postmenopausal women, but exhibited no correlation
with any measure of adiposity in premenopausal women [9]. Others have reported that estrogen
is a negative regulator of resistin gene expression [10].

Using a nested prospective study design, we assayed adipocytokines and ghrelin from samples
in 40 women using specimens from three stages of their menopause transition (pre-, peri, and
postmenopause), combined with existing information about body size and sex steroid hormone
concentrations. Recognizing that there are differences in adipocytokines by body size, an equal
number of obese and non-obese women were evaluated to address the following questions:

1. Isthere an association of menopause stage with the adipocytokines and ghrelin, and
are these the same in obese and non-obese women?

2. Are follicle-stimulating hormone (FSH), estradiol (E2), total testosterone (T) and sex
hormone-binding globulin (SHBG) concentrations measured in three menopause
stages associated with adipocytokine and ghrelin measures and their changes?

With the increasing prevalence of obesity, it is important to identify if adipose-tissue derived
adipocytokines alter risks for health outcomes during the menopause experience.
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METHODS AND MATERIALS

Study Population and Sample Selection

Specimens and data were assembled from the longitudinal Michigan Bone Health and
Metabolism Study (MBHMS) located in Tecumseh, Michigan. MBHMS enrollees were the
premenopausal female offspring of the Tecumseh Community Health Study (TCHS)
participants. MBHMS enrollees were recruited for study in 1988 when they were 20 to 40 years
of age and premenopausal. In 1992, Tecumseh female residents whose parents had not
participated in TCHS were identified and enrolled using a population-based sampling frame
that included age, name, address and telephone number; 121 additional women were enrolled.
Therefore, the MBHMS cohort consists of 664 women, aged 24 to 44 years in 1992. Women
have been followed annually since 1992, and at follow-up visits, specimens (urine and blood)
and information about menstrual bleeding patterns are collected.

This study includes three measures (premenopause, perimenopause, postmenopause) nested
within the larger longitudinal MBHMS study as shown in Figure 1. Women were excluded
from analyses if all menopause stages were not represented (i.e., if they were still pre- or
perimenopausal at the latest MBHMS visit). Also excluded were hormone therapy (HT) users
and those with hysterectomy or a bilateral oophorectomy, diabetes, or thyroid disease. Women
selected were limited to two baseline body size groups (BMI 23-27 kg/m? or BMI 29-36 kg/
m?2) so women who did not have a BMI in the ranges of interest were excluded. Written
informed consent was obtained from all participants, and this study was approved by the
University of Michigan Institutional Review Board.

Measurements

Menopause stages were defined by menstrual bleeding regularity and follicle-stimulating
hormone (FSH) levels. A woman was classified as premenopausal with menstrual regularity
and an FSH < 10 mIU/mL at the study visit. Perimenopause was defined with menstrual
irregularity and an FSH value between 10 and 40 mIU/mL. Postmenopausal women had at
least twelve consecutive months of amenorrhea with no other medical cause and an FSH > 40
mlU/mL. Specimens were collected in days 2—7 of the follicular phase of the menstrual cycle
in the morning and following an overnight fast. In postmenopausal women, specimens were
collected on the anniversary of her study enrollment + 15 days. Specimens were aliquoted and
stored at —80 degrees Centigrade without thaw until assay.

Adipocytokines and Ghrelin—Serum adipocytokines (leptin, adiponectin, and resistin)
and acylated ghrelin were determined spectrophotometrically using commercially available
colorimetric enzyme immunoassay Kits (leptin and acylated ghrelin kits, Cayman Chemical,
Ann Arbor, Ml and adiponectin and resistin, Linco, St. Charles, MO). The mean coefficient
of variation percent (CV%) and standard errors for duplicate samples for each subject and
lower limit of detection, respectively, were: adiponectin: 4.64 + 0.34, 1.5 ng/mL; leptin: 4.22
+ 0.36, 1 ng/mL; resistin: 3.65 + 0.24, 0.16 ng/mL; and, acylated ghrelin: 8.77 + 1.24, 2 pg/
mL.

Sex Steroid Hormones—~Follicle-stimulating hormone (FSH) concentrations were
measured with a two-site chemiluminometric immunoassay directed to different regions on
the beta subunit with CV% of 12.0% and 6.0% and a lower limit of detection of 1.05 mIU/mL.
Serum E2 concentrations were measured with a modified, off-line ACS:180 (E;-6)
immunoassay to increase sensitivity, with a lower limit of detection of 1.0 pg/mL and CVs%
of 10.6% and 6.4%. SHBG was assessed using a de novo two-site chemiluminescent assay
developed on-site using rabbit anti-SHBG antibodies, with a CV% of 9.9% and 6.1% and lower
limit of detection of 1.95 nM. Serum testosterone (T) concentrations were determined by
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competitive binding of a DMAE-labeled T derivative to a rabbit polyclonal anti--testosterone
antibody premixed with monoclonal anti-rabbit 1gG antibody immobilized on the solid phase
paramagnetic particles. Inter- and intra-assay coefficients of variation were 10.5% and 8.5%,
respectively, and the lower limit of detection was 2 ng/dl.

Anthropometric Measures—Height (cm) and weight (kg) were measured at annual visits
using calibrated stadiometers and balance-beam scales, respectively. BMI was calculated by

dividing the weight (in kilograms) by the square of the height (in meters). Data were organized
as non-obese if the baseline BMI was 23 to 27 kg/m? and obese if the baseline BMI was 29 to
36 kg/m?2. Waist circumference was measured in centimeters at the narrowest point between

the rib cage and iliac crest using a non-stretching tape.

Data analyses

RESULTS

Median and inter-quartile ranges were calculated for adipocytokines and ghrelin measures, sex
steroid hormone measures (E2, FSH, SHBG, total T), age, and BMI. Non-normal measures
were log-transformed for data analyses. Adipocytokines and ghrelin were modeled as the
dependent variables while menopause state and sex steroid hormones were modeled as the
independent variables. Longitudinal regression models were used to estimate beta coefficients
as well as provide the LSmeans and standard errors for the adipocytokines at each menopause
stage while adjusting for age at the pre-menopause stage, waist circumference, waist
circumference change, and time interval between each menopause stage date of collection. By
adjusting for premenopausal age as well as the duration of time between menopausal states,
the changes in adipocytokines/ghrelin modeled are those across the menopause transition,
independent of chronological aging. Adjustment was made for baseline waist circumference
and waist circumference change between the previous and current menopausal state because
waist increases across the menopause transition. A first-order autoregressive covariance
structure was assumed for longitudinal models. P-values < 0.05 were considered statistically
significant; all analyses were completed using SAS v9.1 software.

Non-obese women had a median age of 38.5 years at the premenopausal time point and 51.5
years at the postmenopausal time point (Table 1). Obese women had a median age of 40.0 and
52.0 years at the pre- and postmenopausal time points, respectively.

As shown in Table 1, in any given menopause status group, obese women had leptin
concentrations that were greater than those of non-obese women (P < 0.05), and this difference
persisted after adjustment for covariates (Figure 2). Adiponectin concentrations were lower in
the obese group than the non-obese group although these values were not statistically
significantly different (Table 1). Median resistin and ghrelin concentrations were not different
in the two body size groups (Table 1).

Leptin, menopause stage, and hormones

While mean leptin levels increased in non-obese women from their pre- to postmenopause
stage (P < 0.05) (Figure 2), this association was largely accounted for when adjusting for waist
circumference, waist circumference change, and the time interval between menopause stages.
In the obese group, there was no association of leptin with menopause stage before or after
adjusting for covariates.

Baseline FSH levels were not associated with leptin levels, but FSH change [B (SE): 0.209
(0.08), p=0.014] was positively associated with leptin levels in non-obese women (Table 2).
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sowers et al. Page 5

In obese women, there was no association between leptin change and change in FSH
concentrations.

E2, T, and their respective changes were not significantly associated with leptin concentrations.
Change in SHBG was negatively associated with leptin levels in the non-obese [B (SE): —0.60
(.20), p=0.009] and obese group [B (SE): —0.16 (.21), P>0.05], but the association was
significant only in the non-obese group, adjusted for covariates.

Adiponectin, menopause stage and hormones

Mean adjusted adiponectin levels were lower in women during their perimenopausal stage
relative to their pre- or postmenopausal stages (Figure 2) in both obese and non-obese women.
Differences persisted after adjusting for the covariates.

Change in levels of FSH was positively associated with change in adiponectin concentrations
(P<0.005), following adjustment for covariates (Table 2). Change in E2, T, and SHBG
concentrations were not predictive of adiponectin concentrations.

Resistin, menopause stage and hormones

Resistin levels were twice as high in women during the premenopause as compared to the peri-
and postmenopause stages (Figure 3) (P<0.05) in both obese and non-obese groups. Neither
baseline nor changes in FSH, E2, T, and SHBG concentrations predicted resistin concentrations
(Table 2).

Ghrelin, menopause stage and hormones

Ghrelin concentrations were markedly higher in the perimenopause stage, compared to both
premenopause and postmenopause stages (Figure 3). Levels remained higher in obese and non-
obese women following adjustment for covariates.

Change in FSH levels were negatively associated with ghrelin concentrations (P<0.005),
although baseline FSH was not predictive of ghrelin concentrations (Table 2). However, change
in T levels negatively predicted ghrelin levels (P<0.05) while change in E2 concentrations were
positively associated ghrelin concentrations (P<0.05) following adjustment for covariates.

DISCUSSION

This study describes the association of adipocytokines and ghrelin among obese and non-obese
women studied in each of the three menopause stages of their menopause. Women were
recruited from an epidemiological study of women's health rather than being recruited from
clinical practices. The nature and direction of associations with menopause stage varied
according to analyte. Leptin levels, as expected based on its origin in adipocytes, were markedly
different based on body size. Notably, leptin concentrations varied with changes in FSH or
menopause stage only among non-obese women; associations were not detected in the obese
women. In contrast, adiponectin and ghrelin concentrations were different in the
perimenopause stage compared to the postmenopause stage; these observations were
corroborated by statistically significant associations with FSH change. Levels of resistin were
twice as great during the premenopause stage as compared to the peri- or postmenopause stages.
Importantly, these relationships remained after incorporating waist circumference, change in
waist circumference, age, and the time intervals between each of these stages in statistical
models.

In non-obese women, leptin levels increased from the premenopause stage to the
postmenopause stage, though this pattern was not observed in obese women, who had
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consistently higher leptin levels at each stage. This leptin rise in non-obese women during the
menopause transition may include a direct role for leptin during the ovulatory process [11].
Leptin reportedly influences gonadotropin-releasing hormone (GnRH) secretion by the
hypothalamus and pituitary secretion of LH and FSH [12]. Leptin may influence
steroidogenesis in granulosa cells through a concentration-related inhibition of the insulin-like
growth factor | (IGF-1) augmentation of FSH-stimulated E2 production [6].

Resistin concentrations were remarkably higher in the premenopause stage compared to the
perimenopause and postmenopause stages in both obese and non-obese women. Interestingly,
there was no association of baseline level of FSH or change in FSH from peri- to postmenopause
state. The absence of an association with baseline FSH levels may reflect the modest daily,
early morning variation in FSH in the days 2—7 window of the premenopause compared with
FSH variation in the peri and early postmenopause stages. Further, resistin levels were
markedly lower at the perimenopause and postmenopause. This pattern was not associated with
the rise in FSH through the perimenopause into the postmenopause, a pattern not explained by
the literature. It was recently reported that resistin is produced in rat testis [13], but there are
no published data indicating resistin production in the ovary (rat or human). It is possible that
resistin is produced in the ovary and declines with increasing ovarian age. Future studies that
correlate resistin with inhibin or AMH could help identify if resistin is more sensitive to the
earliest events of the menopausal transition compared to the other adipocytokines [14,15].

Adiponectin levels were lower in the perimenopause in both obese and non-obese groups and
that this observation was supported by the association with change in FSH. Adiponectin
production was generally reduced in the obese. Adiponectin decreases glucose concentrations,
isinvolved in free fatty acid oxidation and lipolysis, increases insulin sensitivity and suppresses
the synthesis of proinflammatory cytokines [4]. It is notable that adiponectin levels were
significantly lower during the perimenopause as compared to both pre- and postmenopause
stage. These lower adiponectin levels may be a component of a constellation of metabolic
activities associated with increase in waist circumferences around the final menstrual period

[1].

Ghrelin levels were higher in the perimenopause in obese and non-obese women. In animal
models, ghrelin stimulates the release of growth hormone from the pituitary [16] and alters
feeding behavior and energy metabolism [17-20]. Ghrelin is down-regulated in human obesity
and is up-regulated under conditions of negative energy balance such as anorexia nervosa
[21]. Further investigations are warranted to determine if differences in adiponectin and ghrelin
in the perimenopause are a part of those physiological events associated with fat deposition
and increasing waist circumference around the final menstrual period.

Leptin concentrations were associated with both obesity status and SHBG. In another study,

leptin was negatively associated with SHBG concentrations [22] consistent with our report. It
is generally accepted that SHBG concentrations are lower in the overweight and obese, thereby
altering the amount of bioavailable estrogen and T. Our finding of a strong, negative correlation
between leptin levels and SHBG change is limited to non-obese women in the premenopause.

Increasing ghrelin levels were associated with less change in total T levels and more change
in E2. Previous reports of associations of adipocytokines and T are limited to men and animal
models. A case report indicates that normalization of leptin levels in a man with idiopathic
hypothalamic hypogonadism lead to an improvement in T and E2 levels [23]. In men,
circulating T levels were associated with differences in adiponectin concentration and higher
adiponectin concentrations in eugonadal men vs. hypogonadal men [24]. It is unknown if
adiponectin levels are associated with the aromatase-mediated conversion of T to E2 in women.
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We identified no association of adiponectin concentrations in this study of women and the role
of ghrelin with T concentrations in women awaits further investigation.

A study strength is that women serve as their own controls. Other strengths include the
availability of both menstrual bleeding data and FSH measures to corroborate the menopausal
status and the ability to evaluate women with natural menopause; thus, the capacity to select
women for study free of competing health conditions or HT use. A limitation of this preliminary
study is the sample size which reduces our ability to test interactions between body size, the
gonadotropins, and measures of carbohydrate metabolism or growth hormone metabolism. The
most biologically relevant limitation is the relative absence many data points per woman across
the transition to understand whether the menopause changes influence the adipocytokines or
the converse. It is also possible that directionality is unique to a particular cytokine. Based on
a post hoc false discovery rate approach, the associations of adipcytokines and ghrelin with
FSH are unlikely to have occurred as a result of the impact of multiple tests on Type | error.

In summary, the menopause transition reflects important changes in metabolites associated
with adipose tissues. Leptin levels increased across the menopause in non-obese women and
this change was independently associated with FSH levels. Further, adiponectin and ghrelin
were associated with a specific menopause stage and change in FSH levels. Resistin levels
were high in the premenopause and dropped markedly at the perimenopause to levels that were
sustained in the postmenopause. While the clinical relevance of adipocytokines and ghrelin
during the menopause is yet to be defined, this study indicates that there are marked and
changing interrelationships in the hormone-adipocytokine interface during menopause that
may have important health-related effects.
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Figure 1.
Selection process for nested, prospective study from population based cohort of women at mid-

life
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Mean leptin and adiponectin concentrations (with standard deviation bars) by stages of the
menopausal transition in 20 non-obese women and 20 obese women

*denotes unadjusted data; ***indicates adjustment for age at premenopause, premenopause
waist circumference, waist circumference change, and the time interval between measures
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*denotes unadjusted data; ***indicates adjustment for age at premenopause, premenopause
waist circumference, waist circumference change, and the time interval between measures
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Table 2
Regression models? for adipocytokine or ghrelin as predicted by serum hormone levels
Premenopausal ,,,FSH B (SE) Change in ;o ;FSH Premenopausal |,4Estradiol p
(SE) (SE)
logL€ptin

Non-obese —0.054 (0.15) 0.209 (0.08)* 0.278 (0.18)

Obese —0.207 (0.16) 0.234(0.12) 0.018 (0.14)
logAdiponectin 0.071 (0.06) 0.085 (0.02) -0.024 (0.05)
logRResistin 0.067 (0.07) -0.024 (0.04) 0.022 (0.07)
logGhrelin ~0.333 (0.25) -0.849 (0.22)" ~0.006 (0.23)

Premenopausal ., Testosterone Change Premenopausal ,,,SHBG f
(SE) in og Testosterone p
(SE)
logL-€ptin

Non-obese -0.273 (0.13) -0.203 (0.23) 0.167 (0.17)

Obese 0.196 (0.19) -0.290 (0.26) -0.115 (0.24)
logAdiponectin —0.052 (0.06) 0.115 (0.07) 0.098 (0.07)
logRRESistin —0.066 (0.08) 0.174 (0.11) 0.066 (0.10)
logGhrelin 0.112 (0.25) -1.031 (0.49)" -0.693 (0.39)
aamdjusted for age at premenopausal state, concurrent waist circumference, waist change, and elapsed time between menopause states
*

p<0.05
*k

p<0.01
*kk
p<0.005
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Change
in | 4Estradiol
(SE)

~0.146 (0.08)
0.060 (0.10)
~0.017 (0.02)
0.067 (0.04)
0436 (0.21)"
Change
in 1o, SHBG B
(SE)

**
~0.600 (0.20)
~0.156 (0.21)
0.088 (0.06)
~0.047 (0.09)
0.843 (0.47)



