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BACKGROUND: Serum anti-Mdllerian hormone (AMH) levels decrease early during the transition to menopause and women with type |
diabetes mellitus (DM 1) experience menopause at a younger age. We hypothesized that older women with DM will have lower AMH levels

than controls.

METHODS: We studied ovarian function in women with DM| (n = 66) and healthy controls (n = 58), all <45 years old. Steroids, gon-
adotrophins, AMH and inhibin B levels were measured during the follicular phase.

RESULTS: Piece-wise regression analysis demonstrated that AMH levels begin to decrease at 33 years of age in both groups. This age limit
was used to compare data in both groups. AMH levels were lower in DM| women than in controls >33 years (4.1 + 4.2 versus 9.5 +
7.9 pmol/l, mean + SD, P = 0.006). A higher proportion of women with DM| showed AMH levels in the menopausal range compared
with controls (16.7% versus 3.4%, respectively, P = 0.02). For all patients, those with DM exhibited lower inhibin B levels than controls
(89.3 £ 51.7 versus 113.2 + 76.0 ng/ml, P < 0.05). FSH and estradiol were similar in both groups. Regression analysis showed an earlier
decline in AMH levels in women with DM| than controls. Even after age adjustment, DM| was a significant factor for the determination
of inhibin B and AMH levels.

CONCLUSIONS: Lower AMH levels in women with DM| during the fourth decade of life suggest the presence of an earlier decline in the

ovarian follicle pool in these women. Further studies are needed to evaluate the mechanism of this complication.
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Introduction

In healthy women, menopause is an event that is associated with the
exacerbation of several risk factors of cardiovascular disease and a
decrease in bone mass (Martin and Manson, 2008). These abnormalities
may be especially detrimental for women with type | diabetes mellitus
(DM1) (Codner, 2008; Codner and Cassorla, 2009), who also experi-
ence menopause at a younger age (Snell-Bergeon et al., 2008).
Dorman et al. (2001) observed that the age of the final menstrual
period is 8 years earlierin women with DM | compared with their sisters.

Several years before menopause, a period of irregular menses
occurs that is termed ‘menopausal transition’ (Burger et al., 2007;

Martin and Manson, 2008). Serum anti-Miillerian hormone (AMH), a
glycoprotein produced by the granulosa cells of small ovarian follicles,
decreases early during menopausal transition. Recently, Sowers et al.
(2008a, b, c) followed a group of 50 women and observed that
serum AMH levels began to decline |10 years before the final menstrual
period, reaching a level below the detection limit 5 years before
menopause. In contrast, the levels of estradiol (E;) and FSH are
normal until a couple of years before the cessation of menses
(Sowers et al., 2008a, b, c).

Inhibin B is another hormone that is secreted by granulosa cells.
Although it is not as indicative of ovarian aging as AMH (Sowers
et al., 2008a, b, c), elevated levels of inhibin B suggest the presence
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of autoimmune oophoritis (Tsigkou et al., 2008). This finding is useful
in the evaluation of ovarian failure in DM, since autoimmune oophor-
itis could be a cause of ovarian failure in these patients.

In order to assess the hypothesis that premature ovarian aging
occurs in women with DMI, we performed a cross-sectional study
to evaluate the levels of AMH, inhibin B, steroids and gonadotrophin
in women with DMI. The primary hypothesis of this paper is that
older women with DMI have lower levels of AMH than an age-
matched group of control women.

Study desigh and methods

Subjects

We studied the ovarian reserve in women with DMI| (n = 66) and
healthy control women (n = 58). Both groups included only women
who were younger than 45 years, and both were matched according
to gynecological and chronological age and BMI. None of the women
were pregnant or had received sex steroids or any drug known to
affect ovarian function for at least 6 months. Gynecological age was
defined as chronological age minus the age of menarche.

Patients with DM| were included in this study if they fulfilled the fol-
lowing inclusion criteria: persistent severe insulinopenia, diagnosed
with DMI from the onset of the disease, diagnosed with DMI
before 30 years of age and duration of disease of at least | year.
Most of the patients had DMI for at least 3 years; only two patients
had DM for a shorter period. The exclusion criteria were the follow-
ing: type 2 or other types of diabetes; honeymoon period; abnormal
thyroid function; elevated creatinine level, the presence of micro- or
macrovascular complications; and the presence of other concomitant
chronic conditions such as genetic syndromes, celiac disease, renal
disease, liver disease, cardiac disease or undernourishment.

The control group included 58 healthy women who had normal
fasting glucose levels without a history of hyperandrogenism, regular
menstrual cycles and no history of any chronic disease. These
women were friends of staff of the hospital and of the DM patients.
Control women older than 35 years with mild menstrual irregularities
were included in the study. Women with previous history of gesta-
tional diabetes or hypertension were not included in the study.

Study protocol

We first performed a complete physical examination. Weight was
measured using a conventional Seca scale with a precision of 100 g,
and height was measured with a Harpenden Stadiometer. Menstrual
cycles were considered as irregular if they were longer than 35 days
or shorter than 25 days or when the length difference between two
successive cycles was greater than 7 days (Burger et al., 2005).

This protocol was approved by the institutional review board of the
San Borja Arriardan Hospital. All the patients gave written informed
consent. Patients younger than |8 years gave their assent before
entering the study, and their parents gave informed consent.

Hormone assays

An early morning sample of blood was obtained from both groups of
women during the follicular phase (days | —7) for the measurement of
AMH, inhibin B, gonadotrophins, testosterone, androstenedione,
I70H progesterone, dehydroepiandrosterone sulfate and sex

hormone-binding globulin (SHBG), as described previously (Codner
et al., 2005, 2006, 2007). The free androgen index was calculated
as described previously (Codner et al., 2005). Steroids and gonado-
trophins were measured as described previously (Codner et dl.,
2005, 2006, 2007). Serum AMH was assayed using the AMH/MIS
enzyme-linked immunosorbent assay (ELISA) kit (Immunotech-
Beckman, Marseilles, France) as described previously (Rey et al.,
2005). The assay sensitivity was 0.7 pmol/I, and the intra- and inter-
assay coefficients of variation were 5.3% and 8.7%, respectively.
A serum AMH level equal to or lower than 1.23 pmol/l was con-
sidered to be in the menopausal range (van Disseldorp et al., 2008).

Serum inhibin B was measured using specific two-site ELISAs (Diag-
nostic Systems Labs, Webster, TX, USA). The assay sensitivity was
7 pg/ml, and the intra- and inter-assay coefficients of variation were
4.8% and 7.1%, respectively (Rey et al., 2005).

Statistical analysis

Continuous data are shown as mean 4+ SD. The variables had a
normal distribution as assessed by a Kolmogorov—Smirnov test.
Differences between the DM| and control groups for continuous vari-
ables were assessed with a Student’s t-test. The difference in the pro-
portion of women having an AMH level in the menopausal range was
evaluated using an independent X° test. Correlations between AMH
or inhibin B levels and other clinical or laboratory findings were eval-
uated with a Pearson correlation coefficient. The effect of DMI
adjusted by age on AMH or inhibin B levels was assessed using mul-
tiple linear regression. In addition, the effect of HbAlc (glycosylated
hemoglobin), daily insulin dose and age of onset of DMI on AMH
and inhibin B levels were also evaluated using multiple linear regression
in the DMI group. The residues of the regression analysis did not have
a normal distribution, which was solved by transforming AMH and
inhibin B by the square root.

In order to determine the deflection point of AMH in both groups
of women, piece-wise linear regression was utilized. This regression
analysis allows for the determination of the effect of time on the
dependent variable. Piece-wise analysis was performed using 5-year
periods from the age of 18 years. The deflection point was used to
determine the shift in the curve of AMH levels. Piece-wise regression
showed that the deflection of AMH levels occurred at the age of
33 years in both DMI| (P = 0.008) and control women (P = 0.05) in
our study sample. This age limit was used to compare clinical and hor-
monal data in both groups (Supplementary data |). We are aware that
performing the same study in larger samples might identify additional
deflection points.

All statistical calculations were run on Stata 10.5 (College Station,
Texas, USA) and GraphPad Prism, version 5.0, for Windows
(Graph-Pad Software, San Diego, CA). A significance level of 5%
was employed.

Results

The clinical characteristics of the patients are shown in Table I.
Steroid, AMH, inhibin B and gonadotrophin levels are shown in
Table Il. For the groups as a whole, compared with controls the
DM group had longer menstrual cycles, a higher prevalence of men-
strual irregularities, higher levels of testosterone and androstenedione
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Table I Clinical and anthropometric characteristics of women with DM| and control women, including diabetes duration
and HbAIc levels in patients with DMI

Whole group

Control  DMI
n 58 66
Age (years) 303 +87 27.7 +£9.0
Gynecological age (years) 172+ 8.8 5.1 +88
BMI (kg/m?) 250+ 35 248 +29
Duration of diabetes (years) 13.8+79
HbAlc (%) 83+20
Age at menarche (years) 127+ 13 127+ 1.3
Menstrual cycle length (days) 286120 323 + 10.2%
Menstrual irregularities (%) 1.7 2.2
Pregnancies (n) [.1+14 08+ 1.2
Number of live births 1.0+ 1.4 0.6+0.8

<33 years >33 years
Control DMI Control DMI
34 46 24 20
24.0 + 5.1 229 +6.0 392433 387 +£3.2
1.0+ 49 103 +5.7 26.6 + 3.3 257 + 3.6
242 +34 245+29 26.0 +3.4 25.6 +2.9
10.8 + 6.3 205+74
85+ 1.8 80+ 1.6
128 4+ 1.1 124+ 1.6 126+ 1.5 3.1+ 1.6
28.6 + 1.7 330 £ 11.7* 28.7 +2.5 304 +£5.2
0 19.6%* 42 25.0*
07+ 1.4 0.6+ 1.0 1.6+ 1.5 l4+1.6
0.6+ 1.3 05+07 15+ 14 1.0+ 1.0

The women are also separated according to age, either younger or older than 33 years. Data are shown as mean + SD.
*P < 0.05, *P<<0.01 and ***P < 0.001 versus respective control group.

Table Il Levels of steroids, gonadotrophins, AMH and inhibin B in patients with DMI and control women (data are

mean + SD)

Whole group <33 years >33 years

contr°| .............. DM | ........... c°ntr°| .............. DM | ........... contr°| .............. DM | .............
n 58 66 34 46 24 20
LH (1U/1) 6.7+ 158 54455 48+ 1.7 59+63 9.5+ 244 4.1 +23
FSH (IU/1) 74472 62 +34 54+ 1.6 58429 10.1 + 10.6 724+ 4.1
Estradiol (pmol/I) 255.8 4+ 122.5 271.2 4+ 189.0 249.6 + 123.7 237.8 4+ 1185 264.6 + 122.9 344.6 +282.6
Testosterone (nmol/l) 1.5+ 0.6 |.8 4+ 0.8* 1.7+0.5 2.1 +0.8* 1.34+0.8 1.34+0.0
FAI 39+36 44+39 47 + 4.1 55+42 29+23 20+ 1.4
SHBG (nmol/I) 5324230 59.5+29.3 51.7 +26.7 51.9+27.6 553+ 16.8 77.0 + 26.0%*
|70OH progesterone (nmol/I) 3.6 +27 4.1 +25 424+ 18 48+23 29436 26+22
DHEAS (umol/I) 3.6 +1.57 39+ 1.9 38+ 1.2 39+ 1.7 33+ 1.9 39425
Androstenedione (nmol/I) 51+20 6.2 + 2.4* 55+ 1.7 6.6 + 2.4* 46+25 53+24
AMH (pmol/I) 1424108 12.1 £9.2 176+ 11.4 I155+8.7 95+79 4.1 4+ 4.2
Inhibin B (pg/ml) 1132+ 76.0 89.3 £ 51.7* 127.5 +81.5 96.0 + 55.6* 93.4 + 64.0 74.0 + 383

SHBG, sex hormone-binding globulin; DHEAS, dehydroepiandrosterone sulfate; FAI, free androgen index. Conversion to metric units: testosterone: nmol/| x 0.2882 = ng/ml;
androstenedione: nmol/I x 0.2865 = ng/ml; DHEAS: nmol/| x 370.37 = ng/ml; estradiol: pmol/I x 0.2725 = pg/ml; |7OH progesterone: nmol/I x 0.3300 = ng/ml; SHBG: nmol/I/
34.67 = pg/dl; AMH: pmol/I x 0.1400 = pug/I.

*P < 0.05 and **P < 0.0l versus respective control group.

and lower levels of inhibin B. Similar abnormalities were also observed
in women with DM| <33 years of age when compared with their
matched controls. The levels of AMH were similar in the two
groups of women when all DMI| and control women, and those
<33 years of age, were compared.

Although the prevalence of menstrual irregularities was increased in
women with DM| >33 years old, the length of the menstrual cycle
was not affected. Lower levels of AMH and higher levels of SHBG
were observed in DM patients in this age group. A higher proportion

of women with DM| had AMH levels in the menopausal range (16.7%
versus 3.4%, respectively, P = 0.02).

To avoid the bias that would be introduced by the fact that cycle
irregularities were higher in the DMI| group, we compared serum
AMH levels exclusively in control (n=23) and DMI (n=15)
women of >33 years who were having regular menses. The clinical
characteristics of the patients with normal cycles are shown in Sup-
plementary data 2. In this subgroup analysis (not shown in Table II),
AMH was lower in the DMI patients (3.3 + 3.9 pmol/I) than in the
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controls (9.9 + 7.8 pmol/Il, P=0.002). Androgen, estradiol and
gonadotrophin levels were similar in both DM| and control women
>33 years old.

AMH levels were significantly affected by DMI and age (Fig. 1A,
Table Ill). This effect was observed mainly in DM| women >33
years old (Fig. D). The levels of AMH were not affected by age or
DMI in women <33 years old (Fig. 1C). In DMI and control
women >33 years, the slope of the regression line of AMH levels
according to age was similar, but it had a lower intercept in the
DMI group than in the controls (F= 12.1; DFn=2; DFd = 41; P <
0.0001), which suggested an earlier decrease in the levels of AMH
in women with DMI.

The levels of AMH were inversely correlated with the age at diag-
nosis of DMI (r= —0.3, P=0.01) and showed a positive correlation

with daily insulin dose (r = 0.4, P = 0.003). When these factors were
adjusted by age, however, neither age at diagnosis of DMI| nor daily
insulin dose was significantly correlated with AMH levels. The levels
of HbAlc and a pre-menarcheal onset of DM were not significantly
correlated with AMH levels.

Inhibin B levels were lower in DM| women, even adjusted for age
(Tables Il and Ill, Fig. IB), and the differences in the elevation of the
regression lines of the DMI| and control groups were significant
(F=4.97, DFn = |; DFd = 120; P = 0.05). Patients with DMI exhib-
ited lower inhibin B levels in the entire group comparison and in
women <33 years old, but not in those >33 years old. Regression
analysis showed that DMI affected inhibin B levels only in the
younger group (Table Ill). Inhibin B levels were not correlated with
metabolic control, daily insulin dose or age of onset of DMI.
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Figure | (A) Serum AMH levels in women with DMI| (n= 66) and controls (n = 58). The differences between the levels were significant
(P=0.01). (B) Serum inhibin B levels in women with DMI and controls. P = 0.05, control versus DMI levels. (C) Serum AMH levels in women
with DMI and controls, 33 years old or younger. Similar levels of AMH levels were observed in the two groups and age did not affect the AMH
levels. (D) Serum AMH levels in women with DM and controls older than 33 years. P < 0.0001, control versus DMI levels. Broken line and
open blue circles, control women; black line and filled red triangles, women with DMI.
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Table Il Multivariate analysis of the effect of DMI and
age on the levels of AMH and inhibin B

Multivariate analysis for B SEM (B) P-value

AMH levels: all subjects

DMI —0.62 0.23 0.01

Age —0.85 0.01 <0.0001
AMH levels: women <33 years

DMI —0.32 0.30 0.28

Age —0.01 0.03 0.66
AMH levels: women >33 years

DMI —1.15 0.32 0.0009

Age —0.21 0.05 0.0002
Inhibin levels: all subjects

DMI —1.14 0.58 0.05

Age —0.06 0.03 0.08
Inhibin B levels: women <33 years

DMI —1.4 0.7 0.04

Age 0.2 0.1 0.1
Inhibin B levels: women >33 years

DMI -0.3 0.2 0.1

Age -0.8 1.0 0.4

‘B’ refers to the unstandardized coefficients of the estimated regression model. SEM,
standard error of the mean of the coefficients.

Discussion

To our knowledge, this is the first study to evaluate ovarian reserve in
DMI women. Our results show that middle-aged women with DM|
have a higher frequency of menstrual irregularities, lower AMH
levels and an increased prevalence of menopausal AMH values com-
pared with age-matched controls. We further demonstrate that
AMH levels decrease earlier in DMI patients and that Inhibin B
levels are also lower in these women. Together, these findings
suggest an earlier decline in the ovarian follicle pool in women with
DMI.

In normal women, there is a decline in the quantity and quality of
oocytes during mid-life that predicts menopause (Faddy et dl.,
1992). The serum levels of AMH, which is secreted by small follicles,
have been shown to reflect the ovarian follicle pool (Visser et dl.,
2006). Furthermore, AMH levels are a good index of reproductive
age (van Disseldorp et al., 2008), and the levels of this hormone
can be used to predict the age of menopause (van Rooij et dl.,
2005). Women with higher levels of this hormone reach menopause
later (van Disseldorp et al., 2008). The lower levels of AMH in
DMI women older than 33 years suggest the presence of a lower
number of small growing follicles and a smaller ovarian reserve.
Future follow-up of the patients in our study will address whether
AMH levels can also predict the age of menopause in DMI women.

Lower inhibin B levels were observed in DMI, even after adjusting
for age. These data suggest a lower number of antral follicles in these
patients (Groome et al., 1996; Knight and Glister, 2001). Early meno-
pause in women with DM has been postulated to be associated with

autoimmune oophoritis. Recently, Tsigkou et al. (2008) showed that
the measurement of inhibin B levels may help with differentiating auto-
immune premature ovarian failure from natural menopause, since the
levels of this hormone are elevated in the former and diminished in the
latter. The low inhibin B levels observed in our study are more com-
patible with non-immune-mediated follicular loss than with the pres-
ence of autoimmune oophoritis.

The mechanism of the advancement in the age of menopause in
DMI is unclear. In healthy non-diabetic women, apoptosis is the
primary mechanism that leads to a decrease in the ovarian follicular
pool (Tilly, 2001). This mechanism has been shown to be exaggerated
in studies performed in diabetic animals (Chang et al., 2005). Several of
the mechanisms involved in ovarian aging that have been described in
healthy women may be exacerbated in women with DM (reviewed in
Tatone et al., 2008). These mechanisms include protein damage by
non-enzymatic protein glycosylation, altered vascular support, a
reduced oxygen supply and elevated levels of vascular endothelial
growth factor.

Women are born with a pool of ovarian follicles that will accom-
pany them during their reproductive lives as ‘resting’ follicles. These
follicles are subject to damage by environmental conditions (Tatone
et al., 2008). Granulosa cells interact with each other, which is funda-
mental for the survival of the oocyte. These cells are altered when
exposed to hyperglycemia, which was recently demonstrated in dia-
betic animals (Colton et al., 2003; Chang et al., 2005). In addition,
the presence of elevated blood glucose levels in animals exacerbates
several known mechanisms in the process of ovarian aging (Tatone
et al., 2008). These studies have shown the presence of altered meta-
bolic pathways (Downs and Utecht, 1999; Colton et al., 2003) and
maturation of the follicles, in addition to increased apoptosis (Chang
et al., 2005) in diabetic mice.

Glycosylation of proteins, which is a process enhanced by hypergly-
cemia, may have a role in deteriorating ovarian function in women
with DMI. The presence of advanced glycosylation end products
and the activation of their receptor are involved in physiological
aging (Baynes, 2001; Tatone et al., 2008). These end-products are
present in the ovarian tissue of healthy young women during their
third decade of life (Diamanti-Kandarakis et al., 2007). It is possible
that the ovary, similar to other tissues, also experiences the deleter-
jous effects of the activation of these pathways.

The fact that AMH was diminished in the face of normal E, and FSH
levels may be explained by the fact that steroids and gonadotrophin
reach abnormal levels only when the final menstrual period is immi-
nent and that they are less sensitive markers of the ovarian reserve
(Sowers et al., 2008a, b, c).

We did not find any clinical factor related to diabetes that could
explain the decline in AMH levels in these patients. Our study,
however, excluded women who had micro- or macrovascular compli-
cations and abnormal creatinine levels. It is possible that including a
larger group of women would identify the modifying factors that are
involved in the early decay of ovarian function.

We previously measured AMH levels in DMI patients with hyper-
androgenism (Codner et al., 2007). We found that AMH levels are
normal in DMI women with polycystic ovary syndrome (PCOS),
which is in contrast to the elevated levels that are observed in
non-diabetic women with PCOS. This finding suggests that insulin
acts as a co-gonadotrophin during the more advanced stages of
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folliculogenesis, stimulating the growth of large follicles that do not
secrete AMH. Whether insulin therapy has a role in the decline in
ovarian function that is observed in our patients remains unclear.

Hyperandrogenism may be a frequent problem in women with
DMI, especially in patients receiving intensive insulin treatment
(Codner et al.,, 2006; Codner and Escobar-Morreale, 2007). Our
data show that this problem is primarily observed in young women
and that androgen levels are within the normal range in older
women. One hypothesis explaining this observation could be that
the decline in ovarian function that occurs with age in women with
DMI also affects the production of androgens.

A limitation of our study is that the menstrual cycle abnormalities
observed in DMI| may have several causes. The irregularities of the
menstrual cycle in DMI patients have been associated with abnormal-
ities in the hypothalamic-pituitary axis (Djursing et al., 1985; Codner
and Cassorla, 2008) or PCOS (Codner et al., 2006; Codner and
Escobar-Morreale, 2007). Our data suggest that ovarian aging may
also represent an underlying mechanism.

In conclusion, our study shows that women with DM| have prema-
turely aging ovaries, as demonstrated by an early decline in the levels
of AMH and inhibin B. These findings suggest an earlier decline in the
ovarian follicle pool compared with non-diabetic women. This
phenomenon most likely occurs at the oocyte—cumulus cell
complex and results from damage through several mechanisms. We
speculate that a non-immune mechanism may play a role in the patho-
physiology of this complication. Future studies should evaluate the
precise mechanism that leads to this decline in AMH levels, as well
as the relationship between this abnormality and reproductive function
in women with DMI.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/
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