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Abstract: Metformin was found to decrease elevated levels of anterior pituitary hormones. Its impact
on lactotrope secretory function was absent in women with vitamin D insufficiency. This study
investigated whether vitamin D status determines metformin action on overactive gonadotropes.
We compared the effect of six-month metformin treatment on the plasma levels of gonadotropins,
TSH, prolactin, ACTH, estradiol, free thyroid hormones, IGF-1, and 25-hydroxyvitamin D, as well as
on glucose homeostasis markers between three matched groups of postmenopausal women at high
risk for diabetes: untreated subjects with vitamin D insufficiency (group A), untreated women with
normal vitamin D status (group B), and individuals receiving vitamin D supplementation with normal
25-hydroxyvitamin D levels (group C). Only in groups B and C did metformin reduce FSH levels and
tend to decrease LH levels, and these effects correlated with baseline gonadotropin levels, baseline
25-hydroxyvitamin D levels, and the improvement in insulin sensitivity. Follow-up gonadotropin
levels were higher in group A than in the other two groups. The drug did not affect circulating
levels of TSH, prolactin, ACTH, estradiol, free thyroid hormones, IGF-1, or 25-hydroxyvitamin D.
The obtained results suggest that the impact of metformin on gonadotropin secretion in women after
menopause is determined by vitamin D status.
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1. Introduction

In recent years, it has become clear that metformin, the main first-line medication
for the treatment of type 2 diabetes and other insulin resistance states [1], affects the
secretory function of the anterior lobe of the pituitary gland [2–10]. The drug was found
to reduce circulating levels of thyroid-stimulating hormone (TSH) [2,3], prolactin [4,5],
and gonadotropins [6–10] if baseline levels of these hormones were elevated. Metformin
decreased follicle-stimulating hormone (FSH) levels in postmenopausal women [6,7] and
in men with hypogonadism [8], as well as luteinizing hormone (LH) levels in women
with polycystic ovary syndrome [9,10] and in men with primary testicular failure [8]. Its
gonadotropin-lowering properties were potentiated by rosuvastatin treatment [11]. The
inhibitory effect of metformin on the secretion of anterior pituitary hormones seems to
result from its action at the level of anterior pituitary cells and is attributed to the lack of the
blood–brain barrier in the pituitary gland [12]. It has been found that oral administration
of metformin, both in the short and long term, resulted in higher tissue levels of this
agent in the pituitary than in the remaining assessed brain regions: the hypothalamus,
frontal cortex, cerebellum, hippocampus, striatum, and olfactory bulbs [13]. In primary
rat pituitary cells, metformin inhibited in a dose-dependent manner the gonadotropin-
releasing hormone-induced secretion of FSH and LH and the activin-induced secretion
of FSH [14]. This dose dependence was also observed in clinical studies. Only high-dose
(2.55–3 g), not low-dose (1.7 g), metformin treatment decreased FSH levels [6], and similar
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relationships were observed in its impact on prolactin levels [5]. These findings suggest
that pituitary cells are less sensitive to metformin than other target tissues (the liver, skeletal
muscle, and adipose tissues), and high quantities of this agent in the pituitary gland are
required to inhibit its secretory function. The impact of metformin on the secretion of
pituitary hormones is postulated to be mediated by 5′-adenosine monophosphate-activated
protein kinase (AMPK), a major cellular regulator of lipid and glucose metabolism [15] and
a mediator of many biological effects of metformin [16]. Interestingly, gonadotropes are
pituitary cells with the highest expression of this enzyme [14]. Lastly, metformin shows anti-
tumor and anti-inflammatory properties associated with suppressing the NF-κB signaling
pathway [17].

Menopause significantly increases the risk of cardiometabolic diseases, such as obesity,
type 2 diabetes, cardiovascular diseases, non-alcoholic liver disease, and metabolic syn-
drome [18]. Most cardiometabolic disorders, including obesity, type 2 diabetes, metabolic
syndrome, and polycystic ovary syndrome, are characterized by an increased prevalence
of hypovitaminosis D and lower levels of 25-hydroxyvitamin D [19,20]. Vitamin D (cal-
ciferol) supplementation has a favorable impact on insulin sensitivity, hyperglycemia,
dyslipidemia, obesity, and hypertension [21]. Low vitamin D status is a frequent finding
in postmenopausal women [22]. This means that many postmenopausal women with
type 2 diabetes, metabolic syndrome, and other insulin resistance states are candidates for
metformin/vitamin D combination therapy. In a randomized controlled trial, metformin
administered to subjects with type 2 diabetes and low vitamin D status together with ex-
ogenous calciferol was superior to metformin administered alone in reducing whole blood
levels of glycated hemoglobin (HbA1c) [23]. The beneficial effect of metformin/vitamin
D combination therapy may be associated with the stimulation of the AMPK pathway.
Metformin has been shown to exert many metabolic effects via activation of this kinase [16],
and a similar effect on its activity was observed in animals supplemented with vitamin
D [24]. Moreover, the synergistic effects of metformin and calcitriol (the active form of
vitamin D) on the proliferation and apoptosis of human prostate cancer cells were mediated
by the AMK pathway [25].

Recently, we have reported that metformin and vitamin D may interact at the level
of pituitary cells. Metformin reduced circulating prolactin concentration only in subjects
with 25-hydroxyvitamin D levels within the reference range [26]. Moreover, in women with
vitamin D insufficiency, the TSH-lowering effect of metformin was observed only if this
drug was administered together with exogenous calciferol but not if it was administered
alone [27]. To the best of our knowledge, no previous study has assessed the interactions
between metformin and vitamin D on gonadotropin secretion. To fill in this gap, the aim of
the present study was to investigate whether vitamin D status determines the impact of
metformin on hypothalamic–pituitary–ovarian axis activity in postmenopausal women.

2. Materials and Methods

This study was conducted in accordance with the principles of the Declaration of
Helsinki, and all participants provided written informed consent prior to enrollment. The
study protocol was approved by the institutional review board. Because the study did
not meet the criteria of a clinical trial (the patients were not randomized and received the
same drug), registration in a public trials registry before the time of first patient enrollment
was not applicable. The manuscript was prepared in accordance with the Quality and
Transparency of Health Research (EQUATOR) Network guidelines for observational studies
(STROBE).

2.1. Patients

The study population consisted of 3 groups of postmenopausal women (aged 50–70 years)
at high risk for diabetes. Postmenopause was defined as no periods for over 12 months,
coexisting with high plasma levels of FSH (>30 IU/L) and low plasma levels of estradiol
(<30 pg/mL), found on 2 different occasions. Women were considered eligible for enroll-
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ment if they met all the following criteria: body mass index (BMI) of at least 24 kg/m2, 2 h
post-challenge plasma glucose between 140 and 200 mg/dL (impaired glucose tolerance),
and fasting plasma glucose in the range between 95 and 125 mg/dL, despite complying
for at least 3 months with the lifestyle modification program. The same criteria defining
patients at high risk for diabetes were used in the Diabetes Prevention Program, the largest
and longest clinical trial for the prevention of diabetes conducted to date [28]. Group A
included women with vitamin D insufficiency, defined as plasma 25-hydroxyvitamin D
levels between 20 and 30 ng/mL. Groups B and C included women with normal vitamin D
status, defined as 25-hydroxyvitamin D levels between 30 and 60 ng/mL. Patients assigned
to group B had not received vitamin D preparations for at least 12 months before enroll-
ment. Group C consisted of women receiving vitamin D preparations (4000 IU (100 µg)
daily) because of previous hypovitaminosis D. The participants (31 women in each group)
were selected from a larger number of eligible candidates based on a computer algorithm
(Figure 1) aimed at creating 3 study groups matched for age, glucose homeostasis mark-
ers, and blood pressure. The number of patients exceeded the required number. An a
priori sample size calculation showed that at least 28 participants were needed in each
group to detect a 20% between-group difference in FSH levels (the primary endpoint) with
80% power and α error of 0.05. The 20% threshold in the primary endpoint seems to be
the minimal clinically relevant and biologically plausible difference between the studied
groups [6,11]. The expected probability of the primary endpoint was estimated based
on the results of our previous studies [6,7]. To minimize the possible impact of seasonal
fluctuations in the outcome variables [29–31], 44 women (15 in group A, 15 in group B, and
14 in group C) were recruited between January and February and the remaining 44 women
in July or August.

The exclusion criteria were as follows: 25-hydroxyvitamin D levels <20 ng/mL, dia-
betes, other endocrine disorders, chronic inflammatory or autoimmune disorders, cardio-
vascular disease (except for mild arterial hypertension), kidney or liver failure, malabsorp-
tion syndromes, other serious disorders, pregnancy or lactation, any treatment (except for
exogenous vitamin D in group C), and poor patient compliance.

2.2. Study Design

All participants of this prospective matched cohort study were treated for six months
with oral metformin. In the first week, they received 500 mg of this agent twice a day.
For the following 2 weeks, metformin dose was increased to 0.85–1 g twice a day. From
week 4 onward, the daily dose of metformin was 2.55–3 g, and the drug was administered
in 3 equal doses. In order to improve metformin tolerance, tablets were taken with or im-
mediately after meals. The dose of vitamin D in group B was the same as before enrollment.
Short-term (below seven days) use of new drugs (non-steroidal anti-inflammatory drugs,
acetaminophen, other pain relievers, loperamide, antiemetic drugs, laxatives, or zolipidem)
was accepted only if such treatment was terminated at least six weeks before final measure-
ments. The participants were also asked to further comply with the lifestyle modification
program. Medication adherence was measured every six weeks by counting the number of
returned tables and analysis of responses in the Morisky, Green, and Levine Medication
Adherence Scale [32], while compliance with non-pharmacological recommendations was
assessed by analysis of individual eating diaries. They were regarded as “adherent” if the
percentage of tablets returned was in the range from 0% to 10% and the overall score in the
Morisky, Green, and Levine Medication Adherence Scale was 0 [32].
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2.3. Laboratory Assays

Venous blood samples were collected between 8.00 and 8.30 a.m. after 12 h overnight
fasting in a quiet and air-conditioned room (constant temperature of 23–24 ◦C) on the first
and last study day. To minimize analytical errors, all assays were carried out in duplicate
according to manufacturers’ instructions, and final results were averaged. A technician
carrying out laboratory assays was unaware of patients’ personal data, clinical status, treat-
ment group, and study sequence. Fasting plasma glucose was assessed by the hexokinase
method with the use of a biochemical analyzer (Roche Cobas C311, Mannheim, Germany).
Whole blood glycated hemoglobin (HbA1c) was measured using turbidimetric inhibition
immunoassay on the Cobas Integra 800 analyzer (Roche Diagnostics, Mannheim, Germany).
Plasma concentrations of insulin, gonadotropins (FSH and LH), TSH, prolactin, estradiol,
free thyroid hormones (free thyroxine and free triiodothyronine), 25-hydroxyvitamin D,
and anti-Müllerian hormone (AMH) were assayed by direct chemiluminescence using acri-
dinium ester technology (ADVIA Centaur XP Immunoassay System, Siemens Healthcare
Diagnostics, Munich, Germany). AMH was assessed only in samples of 10 patients from
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each group. Levels of adrenocorticotropic hormone (ACTH) and insulin-like growth factor-
1 (IGF-1) were assessed by solid-phase enzyme-labeled chemiluminescent immunometric
assays (Immulite, Siemens, Munich, Germany). Product codes were as follows: 04404483
(glucose), 05336180 (HbA1c), 2230141 (insulin), 1360521 (FSH), 2212941 (LH), 6491080 (TSH),
9505871 (prolactin), 10491445 (estradiol), 6490106 (free thyroxine), 3154228 (free triiodothy-
ronine), 10631201 (25-hydroxyvitamin D), 10998432 (AMH), 10387014 (ACTH), 11128584
(IGF-1). The homeostatic model assessment 1 of insulin resistance ratio (HOMA1-IR) was
calculated by multiplying plasma glucose (in mg/dL) by plasma insulin (in mU/L) and
dividing by 405.

2.4. Statistical Analysis

To minimize heteroscedasticity, all data were subjected to log transformation before
statistical analysis. The study groups and percentage changes from baseline were com-
pared using one-way ANOVA followed by Bonferroni’s post hoc multiple comparison
test. Comparisons between the subgroups were made with t-test for independent sam-
ples. Age, BMI, smoking, and blood pressure were considered as potential confounders.
Baseline and follow-up values within the same treatment group were compared using
Student’s paired t-test. All nominal data were compared using the chi-square test. Pear-
son’s r-tests were used to analyze the significance of correlations between the assessed
variables. Statistical significance was defined as a two-tailed p-value of less than 0.05. All
statistical analyses were performed using the Statistica 12.0 PL software package (number:
JPZP507D199115ARCN-E, StatSoft Polska, Kraków, Poland).

3. Results

There were no differences between the study groups in age, smoking habits, BMI,
blood pressure (both systolic and diastolic), glucose homeostasis markers (glucose, insulin,
HOMA1-IR, and HbA1c), and the plasma levels of gonadotropins, TSH, prolactin, ACTH,
estradiol, free thyroid hormones, IGF-1, and AMH. Expectedly, 25-hydroxyvitamin D levels
were lowest in group A but did not differ between groups B and C (Tables 1 and 2).

Table 1. Baseline characteristics of participants.

Variable Group A Group B Group C

Number (n) 30 29 29
Age (years) 59 ± 6 60 ± 6 60 ± 5
Smokers (%) 40 34 38
Number of cigarettes a day (n) 10 ± 5 11 ± 6 10 ± 6
Duration of smoking (years) 28 ± 12 30 ± 15 31 ± 14
BMI (kg/m2) 32.4 ± 5.2 32.2 ± 5.0 31.9 ± 4.9
Systolic blood pressure (mmHg) 136 ± 12 135 ± 13 134 ± 15
Diastolic blood pressure (mmHg) 87 ± 7 87 ± 6 87 ± 6

Group A: postmenopausal women with untreated vitamin D insufficiency. Group B: vitamin D preparation-naïve
postmenopausal women with normal vitamin D status. Group C: vitamin-D-treated postmenopausal women
with normal vitamin D status. Unless otherwise stated, the data are presented as the mean ± standard deviation.
Abbreviations: BMI—body mass index.

Two patients from group C were withdrawn because of loss of appetite and a gen-
eral feeling of discomfort. Three other patients (one from group A and two from group
B) stopped participating in the study because of nausea and vomiting. The remaining
88 patients (95%) completed the study, and their data were statistically analyzed. All these
subjects complied with the treatment and dietary recommendations. A post hoc power
calculation based on the primary outcome data and the given sample size showed that the
study had sufficient statistical power. There were no between-group differences in the daily
dose of metformin (group A: 2.78 ± 0.23 g; group B: 2.82 ± 0.21 g; group C: 2.80 ± 0.20 g)
or in the daily intake of calciferol (not counting vitamin D tablets) (group A: 395 ± 180 IU;
group B: 428 ± 173 IU; group C: 419 ± 195 IU).
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Table 2. The impact of metformin on the investigated variables in metformin-treated postmenopausal
women at high risk for diabetes.

Variable Group A Group B Group C

Glucose (mg/dL)
Baseline 112 ± 7 111 ± 7 110 ± 7
Follow-up 102 ± 8 * 97 ± 8 *# 96 ± 8 *#

Insulin (mU/L)
Baseline 18.0 ± 4.2 17.5 ± 4.8 17.3 ± 3.9
Follow-up 12.9 ± 3.8 * 10.2 ± 2.8 *# 10.0 ± 3.1 *#

HOMA1-IR
Baseline 5.0 ± 1.5 4.8 ± 1.4 4.7 ± 1.8
Follow-up 3.2 ± 1.1 * 2.4 ± 0.9 *# 2.4 ± 1.0 *#

HbA1c (%)
Baseline 6.12 ± 0.16 6.10 ± 0.18 6.08 ± 0.20
Follow-up 5.85 ± 0.22 * 5.52 ± 0.24 *# 5.48 ± 0.26 *#

25-hydroxyvitamin D (ng/mL)
Baseline 24.8 ± 2.5 42.9 ± 7.5 * 43.8 ± 7.6 *
Follow-up 25.1 ± 2.4 43.4 ± 7.1 * 44.6 ± 6.9 *
FSH (U/L)
Baseline 68 ± 28 65 ± 23 62 ± 28
Follow-up 58 ± 19 43 ± 12 *# 42 ± 15 *#

LH (U/L)
Baseline 42 ± 14 40 ± 13 41 ± 12
Follow-up 41 ± 11 34 ± 12 *$ 35 ± 11 *&

TSH (mIU/L)
Baseline 2.5 ± 1.0 2.3 ± 0.8 2.5 ± 0.9
Follow-up 2.3 ± 0.9 2.2 ± 1.0 2.4 ± 0.8
Prolactin (ng/mL)
Baseline 14.0 ± 6.2 15.1 ± 5.0 14.9 ± 6.5
Follow-up 13.4 ± 5.5 14.8 ± 6.0 14.4 ± 6.7
ACTH (pg/mL)
Baseline 42 ± 13 44 ± 16 39 ± 15
Follow-up 38 ± 18 41 ± 14 37 ± 17
Estradiol (pg/mL)
Baseline 17 ± 5 18 ± 6 16 ± 7
Follow-up 18 ± 6 17 ± 6 16 ± 5
Free thyroxine (pmol/L)
Baseline 16.0 ± 3.4 15.8 ± 3.2 15.6 ± 3.8
Follow-up 16.2 ± 3.9 15.5 ± 3.0 15.4 ± 3.5
Free triiodothyronine (pmol/L)
Baseline 4.0 ± 1.2 3.9 ± 1.1 4.2 ± 1.3
Follow-up 3.8 ± 1.3 3.9 ± 1.2 4.1 ± 1.2
IGF-1 (ng/mL)
Baseline 110 ± 28 120 ± 32 124 ± 38
Follow-up 115 ± 30 118 ± 29 120 ± 31
AMH (pmol/L) 1

Baseline 0.55 ± 0.65 0.52 ± 0.70 0.58 ± 0.64
Follow-up 0.52 ± 0.61 0.53 ± 0.62 0.60 ± 0.59

Group A: postmenopausal women with untreated vitamin D insufficiency. Group B: vitamin D preparation-
naïve postmenopausal women with normal vitamin D status. Group C: vitamin-D-treated postmenopausal
women with normal vitamin D status. The data are presented as the mean ± standard deviation. 1 Analysis
of samples of 10 women from each group. * p < 0.05 vs. group A. # p < 0.05 vs. baseline value. $ p = 0.0731
vs. baseline value. & p < 0.0521 vs. baseline value. Reference values for postmenopausal women: glucose:
70–99 mg/dL; insulin: 3–25 mIU/L; HOMA1-IR: <2.0; HbA1c: <5.6%; 25-hydroxyvitamin D: 30–60 ng/mL;
FSH: >30 U/L; LH: >15 U/L; TSH: 0.4–4.5 mU/L; prolactin: 5.0–25.0 ng/mL; ACTH: 15–70 pg/mL; estradiol:
<30 pg/mL; free thyroxine: 10.1–21.2 pmol/L; free triiodothyronine: 2.3–6.5 pmol/L; IGF-1: 70–165 ng/mL;
AMH: <2.5 pmol/L. Reference values represent normal ranges for the laboratory that carried out the testing.
Abbreviations: ACTH—adrenocorticotropic hormone; AMH—anti-Müllerian hormone; FSH—follicle-stimulating
hormone; HbA1c—glycated hemoglobin; HOMA1-IR—the homeostatic model assessment 1 of insulin resistance
ratio; IGF-1—insulin-like growth factor-1; LH—luteinizing hormone; TSH—thyroid-stimulating hormone.
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Metformin decreased glucose, insulin, HOMA1-IR, and HbA1c in all study groups. In
groups B and C, the drug decreased FSH levels and tended to reduce LH levels, while in
group A there were no differences between the baseline and follow-up concentrations of
both gonadotropins. Circulating levels of 25-hydroxyvitamin D, TSH, prolactin, ACTH,
estradiol, free thyroid hormones, IGF-1, and AMH remained at a similar level throughout
the study period (Table 2). Groups B and C differed from group A in the percentage changes
from baseline in glucose, insulin, HOMA1-IR, HbA1c, FSH, and LH (Table 3) and in the
follow-up values of glucose, insulin, HOMA1-IR, HbA1c, 25-hydroxyvitamin D, FSH, and
LH (Table 2). In all study groups, BMI and blood pressure did not differ significantly from
their baseline values. The impact of metformin on the investigated variables did not differ
between patients recruited in the winter and summer months (Table 4).

Table 3. Percentage changes from baseline in metformin-treated postmenopausal women at high risk
for diabetes.

Variable Group A Group B Group C

∆ Glucose −9 ± 5 −13 ± 6 * −13 ± 7 *
∆Insulin −28 ± 16 −41 ± 18 * −42 ± 20 *
∆ HOMA1-IR −36 ± 20 −50 ± 26 * −49 ± 23 *
∆ HbA1c −4 ± 4 −10 ± 8 * −10 ± 10 *
∆ 25-hydroxyvitamin D 1 ± 5 1 ± 7 2 ± 8
∆ FSH −15 ± 15 −34 ± 18 * −32 ± 16 *
∆ LH −2 ± 8 −15 ± 12 * −15 ± 16 *
∆ TSH −8 ± 11 −4 ± 10 −4 ± 15
∆ Prolactin −4 ± 8 −2 ± 10 −3 ± 8
∆ ACTH −10 ± 16 −7 ± 14 −5 ± 12
∆ Estradiol 6 ± 26 −5 ± 28 0 ± 12
∆ Free thyroxine 1 ± 10 −1 ± 8 −1 ± 7
∆ Free triiodothyronine −5 ± 16 0 ± 9 −2 ± 12
∆ IGF-1 4 ± 11 −2 ± 10 −3 ± 9
∆ AMH −5 ± 24 2 ± 15 3 ± 18

Group A: postmenopausal women with untreated vitamin D insufficiency. Group B: vitamin D preparation-naïve
postmenopausal women with normal vitamin D status. Group C: vitamin-D-treated postmenopausal women
with normal vitamin D status. The data are presented as the mean ± standard deviation. * p < 0.05 vs. group A.
Abbreviations: ACTH—adrenocorticotropic hormone; AMH—anti-Müllerian hormone; FSH—follicle-stimulating
hormone; HbA1c—glycated hemoglobin; HOMA1-IR—the homeostatic model assessment 1 of insulin resistance
ratio; IGF-1—insulin-like growth factor-1; LH—luteinizing hormone; TSH—thyroid-stimulating hormone.

Table 4. The impact of metformin on the assessed variables between patients recruited in the winter
and summer months.

Variable Patients Recruited in
January and February

Patient Recruited in July
or August

Group A
∆ Glucose −9 ± 7 −10 ± 8
∆Insulin −30 ± 20 −26 ± 18

∆ HOMA1-IR −38 ± 24 −34 ± 25
∆ HbA1c −4 ± 6 −4 ± 6

∆ 25-hydroxyvitamin D 2 ± 8 0 ± 8
∆ FSH −16 ± 18 −14 ± 20
∆ LH −2 ± 7 −3 ± 8

∆ TSH −10 ± 14 −6 ± 13
∆ Prolactin −3 ± 10 −4 ± 11

∆ ACTH −13 ± 20 −8 ± 19
∆ Estradiol 7 ± 18 5 ± 16

∆ Free thyroxine 2 ± 8 1 ± 10
∆ Free triiodothyronine −5 ± 18 −5 ± 19

∆ IGF-1 6 ± 17 2 ± 15
∆ AMH −4 ± 30 −6 ± 20
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Table 4. Cont.

Variable Patients Recruited in
January and February

Patient Recruited in July
or August

Group B
∆ Glucose −13 ± 7 −14 ± 8
∆Insulin −45 ± 23 −37 ± 20

∆ HOMA1-IR −53 ± 30 −47 ± 28
∆ HbA1c −10 ± 9 −10 ± 9

∆ 25-hydroxyvitamin D 2 ± 12 −1 ± 11
∆ FSH −32 ± 20 −36 ± 24
∆ LH −15 ± 17 −15 ± 16

∆ TSH −3 ± 12 −5 ± 15
∆ Prolactin −2 ± 12 −3 ± 15

∆ ACTH −6 ± 18 −9 ± 20
∆ Estradiol −4 ± 30 −6 ± 32

∆ Free thyroxine −1 ± 10 0 ± 8
∆ Free triiodothyronine −2 ± 12 2 ± 12

∆ IGF-1 −1 ± 14 −4 ± 18
∆ AMH 4 ± 20 0 ± 22

Group C
∆ Glucose −14 ± 8 −13 ± 8
∆Insulin −44 ± 22 −41 ± 24

∆ HOMA1-IR −51 ± 27 −48 ± 26
∆ HbA1c −11 ± 12 −10 ± 11

∆ 25-hydroxyvitamin D 0 ± 9 3 ± 12
∆ FSH −34 ± 18 −31 ± 20
∆ LH −16 ± 20 −14 ± 19

∆ TSH −6 ± 18 −3 ± 20
∆ Prolactin −4 ± 10 −2 ± 11

∆ ACTH −3 ± 18 −5 ± 20
∆ Estradiol 2 ± 13 −2 ± 16

∆ Free thyroxine −2 ± 10 0 ± 12
∆ Free triiodothyronine −5 ± 15 1 ± 16

∆ IGF-1 −1 ± 15 −5 ± 14
∆ AMH 1 ± 13 5 ± 24

Group A: postmenopausal women with untreated vitamin D insufficiency. Group B: vitamin D preparation-
naïve postmenopausal women with normal vitamin D status. Group C: vitamin-D-treated postmenopausal
women with normal vitamin D status. The data are presented as the mean ± standard deviation. Abbreviations:
ACTH—adrenocorticotropic hormone; AMH—anti-Müllerian hormone; FSH—follicle-stimulating hormone;
HbA1c—glycated hemoglobin; HOMA1-IR—the homeostatic model assessment 1 of insulin resistance ratio;
IGF-1—insulin-like growth factor-1; LH—luteinizing hormone; TSH—thyroid-stimulating hormone.

Metformin-induced changes in gonadotropin levels correlated with their baseline val-
ues (group A: FSH—r = 0.50 (p < 0.0001), LH—r = 0.37 (p = 0.0021); group B: FSH—r = 0.60
(p < 0.0001), LH—r = 0.42 (p = 0.0008); group C: FSH—r = 0.58 (p < 0.0001), LH—r = 0.43
(p = 0.0006)); concentrations of 25-hydroxyvitamin D (group A: FSH—r = 0.53 (p < 0.0001),
LH—r = 0.46 (p = 0.0002); group B: FSH—r = 0.56 (p < 0.0001), LH—r = 0.39 (p = 0.0012);
group C: FSH—r = 0.55 (p < 0.0001), LH—r = 0.41 (p = 0.0010)); metformin-induced decrease
in insulin levels (group B: FSH—r = 0.37 (p = 0.0084), LH—r = 0.32 (p = 0.0354); group C:
FSH—r = 0.35 (p = 0.0121), LH—r = 0.29 (p = 0.0482)); and metformin-induced decrease
in HOMA1-IR (group A: FSH—r = 0.42 (p = 0.0006), LH—r = 0.32 (p = 0.0226); group B:
FSH—r = 0.39 (p = 0.0010), LH—r = 0.34 (p = 0.0226); group C: FSH—r = 0.41 (p = 0.0006),
LH—r = 0.31 (p = 0.0406)). The remaining correlations did not reach statistical significance.

4. Discussion

Although metformin administered to postmenopausal women with normal vitamin
D status reduced circulating levels of both gonadotropins, its impact on FSH was more
pronounced than on LH. Despite a reduction, post-treatment levels were still higher than
in women of reproductive age. This difference in the action on both gonadotropins may
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be explained by the higher baseline levels of FSH than LH characterizing women after
menopause. In line with this explanation, treatment-induced changes in FSH and LH levels
correlated with their baseline values. Moreover, the drug had a neutral effect on circulating
levels of the other anterior pituitary hormones (TSH, prolactin, and ACTH) and effector
hormones (free thyroxine, free triiodothyronine, and IGF-1), concentrations of which were
within normal limits. The novel finding of our study was that gonadotropin-lowering
effects were absent in women with low vitamin D status.

The clinical significance of elevated gonadotropin levels in postmenopausal women
is a matter of debate. However, more and more studies suggest their deteriorating effect
on women’s health. FSH was found to increase bone resorption, promote weight gain,
inhibit thermogenesis, and increase hepatic cholesterol production, and all these effects
were absent in animals receiving antibodies against FSH [33,34]. Thus, elevated levels of
this hormone may play an important role in the pathogenesis of bone loss, impaired energy
homeostasis, and dyslipidemia, frequently observed in women after menopause [35]. In
turn, high LH concentrations were found to correlate with cognitive deficits and incidence
of Alzheimer’s disease, while pharmacological intervention directed at reducing circulating
LH levels improved learning and memory in ovariectomized rodents and in animal models
of Alzheimer’s disease [36,37]. These findings suggest that postmenopausal women may
benefit from treatment with agents reducing gonadotropin levels, particularly with drugs
decreasing both FSH and LH. Based on these observations, our findings allow us to draw
some practical conclusions. Firstly, the benefits resulting from metformin treatment are
not limited to metabolic effects. A statistically significant reduction in FSH coexisting
with a small decrease in LH may prevent or delay unfavorable changes associated with
aging. Despite a similar action on gonadotrope function, metformin seems to be a safer
drug in comparison with hormone replacement therapy. The latter may be associated
with an increased risk of cardiovascular disease and breast cancer [38], while metformin
was shown to decrease the incidence of cardiovascular disease in patients with diabetes
and to inhibit the growth of breast cancer [39]. To reduce gonadotropin levels, patients
have to receive high doses of metformin, commonly used in type 2 diabetes but higher
than recommended to prediabetic women [40]. However, chronic treatment with 2.55–3 g
metformin daily was well tolerated by the participants of the current study, and there
were no cases of serious adverse effects associated with high-dose metformin treatment
in our previous studies [26,27]. Moreover, a network meta-analysis showed that 6-month
treatment of overweight and obese subjects without diabetes with 3 g metformin daily was
well tolerated and superior to treatment with lower doses in reducing body weight and
improving glucose homeostasis [28]. Secondly, correlations with baseline levels suggest
that metformin improves gonadotrope secretory function but does not seem to lead to
gonadotrope hypofunction, the clinical consequences of which after menopause remain
unknown. Thirdly, in light of previous research [2–10], metformin treatment may be partic-
ularly recommended to postmenopausal women with coexistent hypersecretion of other
anterior pituitary hormones (subjects with hyperprolactinemia or primary hypothyroidism)
resisting or poorly tolerating specific treatments (dopamine agonists and levothyroxine).
Lastly, the putative anti-aging properties of metformin are probably absent in women with
vitamin D insufficiency.

In the current study, a neutral effect on gonadotropin levels was observed in individ-
uals with 25-hydroxyvitamin D levels between 20 and 30 ng/mL. For ethical reasons, no
woman had 25-hydroxyvitamin D levels below 20 ng/mL. This finding suggests that even
mild disturbances in vitamin D homeostasis may impair the impact of metformin on overac-
tive gonadotropes. Considering the correlations between 25-hydroxyvitamin D levels and
treatment-induced changes in gonadotropins and prolactin [26], it may be assumed that a
deteriorating effect of hypovitaminosis D on the pituitary effects of metformin increases
with its severity, which may be of importance in cases of patients with extremely high
gonadotropin levels. Importantly, the impact of metformin on FSH and LH levels seems
to be determined by actual vitamin D status. This explains why there were no differences
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in the response to metformin between two groups of women with 25-hydroxyvitamin D
levels within the reference range. The drug decreased FSH and tended to reduce LH to the
same degree in untreated women and in women receiving exogenous calciferol because of
previous vitamin D deficiency (25-hydroxyvitamin D levels below 20 ng/mL [41]). Our
findings cannot be explained by pharmacokinetic and/or pharmacodynamic interactions
between exogenous metformin and calciferol contained in tablets because metformin action
on FSH and LH did not correlate with the cumulative dose of exogenous vitamin D and
the duration of calciferol supplementation. Thus, our study suggests that the pituitary
effects of metformin in individuals with low vitamin D status may be restored by effective
calciferol supplementation.

In line with our previous studies, metformin did not affect ovarian function in post-
menopausal women, even in individuals with normal vitamin D status. In all groups
of postmenopausal women, estradiol levels did not exceed the threshold value and did
not change throughout the study. Moreover, the treatment had a neutral effect on AMH
produced by the granulosa cells of preantral and small antral follicles and regarded as
the most sensitive marker of ovarian reserve [42]. A dramatic decrease in the number of
granulosa cells associated with menopause [43] explains why our findings are in contrast
with a decrease in estradiol and progesterone secretion by isolated rat granulosa cells
exposed to this drug [44]. A neutral effect on plasma estradiol is also in disagreement with
a stimulatory effect of metformin on peripheral aromatization [45], the major source of
estradiol in women after menopause [46]. Although we did not measure plasma metformin,
the circulating levels and tissue content of this drug after long-term high-dose metformin
treatment [47] were lower than the concentrations used in vitro studies [45]. Lastly, there
were no correlations between the impact of metformin on gonadotropins and on estradiol
and FSH.

Although metformin improved glucose homeostasis in all groups of postmenopausal
women, the effect on glucose, insulin, HOMA1-IR, and HbA1c was more pronounced in
individuals with normal vitamin D status than in subjects with vitamin D insufficiency.
The same relationships were observed previously in young women with elevated prolactin
levels [26]. Thus, hypovitaminosis D may impair the metabolic effects of metformin in
various age groups. Considering the association between glucose homeostasis disorders
and vitamin D deficiency/insufficiency [19,20], as well as our findings, it seems reasonable
to determine vitamin D status at least in individuals with an unexplained poor response to
metformin but maybe also in other groups of subjects receiving metformin. Moreover, find-
ing abnormally low 25-hydroxyvitamin D levels should justify calciferol supplementation.
There are some possible explanations for our findings. Because elevated prolactin levels
are a risk factor for insulin resistance and glucose abnormalities [48], a stronger effect of
metformin on glucose homeostasis markers in individuals with prolactin excess [26] may be
explained by differences in post-treatment prolactin levels. In the present study, they may
be associated with putative unfavorable metabolic effects of elevated FSH levels [33,34].
Other authors suggest, however, that vitamin D may enhance the hypoglycemic properties
of metformin by increasing insulin sensitivity in peripheral tissues, particularly in skeletal
muscles [49]. Metformin and vitamin D may interact both at the level of the AMPK pathway
in peripheral tissues and/or at the level of the glucose transporter type 4, mediating the
rate-limiting glucose cellular uptake in adipocytes and muscle cells [50]. The activity of
this transporter is up-regulated by both metformin [16,50] and calcitriol [51].

Contrary to previous studies suggesting seasonal variations in circulating levels of the
investigated hormones in untreated subjects [29–31], there were no differences in metformin
action between patients recruited in the winter and followed up in the summer months
and patients recruited in the summer and followed up in the winter months. However,
because of a small number of patients in each subgroup, our study might have been
underpowered to detect relevant differences in metformin action. Thus, our findings do
not exclude an association between the study outcomes and the period of the year when
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metformin was administered, and the question of whether the pituitary effects of this drug
are season-dependent requires further research.

The mechanisms responsible for between-group differences in metformin action
on plasma gonadotropins remain speculative. Because of rigorous inclusion criteria
and the selection procedure, the study groups were well matched and differed only in
25-hydroxyvitamin D levels. Thus, our findings seem to be a consequence of differences in
the vitamin D status of the patients. In line with this explanation, the degree of reduction in
gonadotropin levels positively correlated with 25-hydroxyvitamin D levels. Because these
levels remained constant over the entire study period, metformin does not seem to have had
an impact on vitamin D homeostasis. This conclusion is in line with the findings of other
research group [52] who reported a neutral effect of metformin on calciferol metabolism.
Moreover, the lack of effect on estradiol and AMH as well as the lack of correlations be-
tween the impact on gonadotropins and on these hormones indicate that metformin action
cannot be explained by the improvement in hypothalamic–pituitary–gonadal axis activity
at the level of ovarian hormonal function (increased sensitivity of ovaries to gonadotropins
or a direct stimulatory effect on ovarian steroidogenesis). Thus, the most likely explanation
is that metformin and calciferol interact at the level of AMPK in gonadotropes. Although
speculative, this explanation is supported by evidence from past studies. AMPK has
been detected in high quantities in these cells [14]. Vitamin D insufficiency was found to
down-regulate the AMPK pathway [53]. Lastly, AMPK mediated interactions between
metformin and vitamin D in other tissues [24]. Metabolic factors do not play an important
role in the regulation of FSH secretion (and probably also LH secretion) [54]. However,
treatment-induced changes in FSH and LH levels correlated with the improvement in
insulin sensitivity. This may be explained by simultaneous interactions between metformin
and vitamin D at the level of various tissues: gonadotropin-secreting cells, adipocytes, and
muscle cells.

Some study limitations merit consideration. Because of the small sample size, our
findings do not allow us to draw definitive conclusions. Although vitamin D status was
determined based on 25-hydroxyvitamin D levels, reflecting the free fractions of vitamin D
metabolites [41], low 25-hydroxyvitamin D levels may be a result of decreased production
or enhanced degradation. Because all individuals with 25-hydroxyvitamin D levels below
20 ng/mL should be supplemented with exogenous vitamin D preparations [55], our study
excluded vitamin-D-deficient subjects. However, it would be interesting to assess the
pituitary effects of metformin in this group of patients. The study does not provide insight
into cellular and molecular aspects of the interactions between metformin and calciferol.
It is uncertain whether the association with vitamin D status is the same in subjects with
normal glucose homeostasis, not included in the current study. Lastly, although the study
design minimized the impact of random diurnal, seasonal, and analytical variations in the
assessed variables on the obtained results, we cannot totally exclude a potential impact on
the obtained results of the regression-toward-the-mean effect [56].

5. Conclusions

Metformin reduced FSH levels and tended to reduce LH levels in postmenopausal
women with normal vitamin D status but not in women with vitamin D insufficiency.
The impact of this agent on concentrations of gonadotropins depended on their baseline
secretion, 25-hydroxyvitamin D levels, and the degree of improvement in insulin sensitivity.
The obtained results suggest that the impact of metformin on the gonadotrope secretory
function in postmenopausal women is determined by the vitamin D status of patients.
Because our study was a single-center prospective matched cohort study with a small
sample size, the obtained results need to be confirmed in large-scale, well-designed clinical
trials.
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5. Krysiak, R.; Kowalcze, K.; Szkróbka, W.; Okopień, B. The effect of metformin on prolactin levels in patients with drug-induced
hyperprolactinemia. Eur. J. Intern. Med. 2016, 30, 94–98. [CrossRef] [PubMed]
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