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Abstract

Background/Aims: Biguanides are anti-hyperglycaemic agents used to treat diabetes by acting
primarily on the liver, inhibiting hepatic gluconeogenesis. However, biguanides may target
other key metabolic tissues to exert beneficial actions. As the “master endocrine gland”, the
pituitary is a true homeostatic sensor that controls whole body homeostasis and metabolism
by integrating central and peripheral signals. However, whether the pituitary is a primary site of
biguanides action in normal adult humans/primates remains unknown. Therefore, we aimed to
elucidate the direct effects of two biguanides (metformin/phenformin) on the expression and
secretion of all anterior pituitary hormones in two non-human primate species (Papio anubis
and Macaca fascicularis), and the molecular/signalling-mechanisms behind these actions.
Methods: Primary pituitary cell cultures from baboons and macaques were used to determine
the direct impact of metformin/phenformin (alone and combined with primary regulators) on
the functioning of all pituitary cell-types (i.e. expression/secretion/signaling-pathways, etc).
Results: Metformin/phenformin inhibited basal, but not GHRH/ghrelin-stimulated GH/ACTH/
FSH-secretion and GH/POMC-expression, without altering secretion or expression of other
pituitary hormones (PRL/LH/TSH), FSH-expression or cell viability in both primate models.
These biguanide actions are likely mediated through modulation of: 1) common (mTOR/
PI3K/intracellular-Ca2*mobilization) and distinct (MAPK) signaling pathways; and 2) gene
expression of key receptors regulating somatotrope/corticotrope/gonadotrope function (i.e.
upregulation of SSTR2/SSTR5/INSR/IGF1R/LEPR). Conclusion: The pituitary gland is a primary
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target of biguanide actions wherein they modulate somatotrope/corticotrope/gonadotrope-
function through multiple molecular/signaling pathways in non-human primate-models.
This suggests that the well-known metabolic effects of biguanides might be, at least in part,
influenced by their actions at the pituitary level.

© 2018 The Author(s)
. Published by S. Karger AG, Basel
Introduction y > Fer

Biguanides are a synthetic class of antidiabetic (anti-hyperglycaemic) agents constituted
by two N-linked guanidine rings (i.e. metformin and phenformin), whose origin derives
from galegine (isoamylene guanidine), a natural compound found in Galega officinalis [1].
Metformin has been the most frequently prescribed drug used to treat type-2 diabetes (T2D)
for many years, and has been found to be safe and efficacious both as monotherapy and
in combination with other oral antidiabetic agents. However, the sites and mechanisms of
actions of metformin have been only partially explored and remain somewhat controversial.
Specifically, the liver is presumed to be the primary site of metformin function, as
the antihyperglycemic effect of metformin is mainly due to the inhibition of hepatic
gluconeogenesis, wherein AMP-activated protein kinase (AMPK), a protein kinase that plays
a key role in maintaining energy homeostasis, is assumed to be the prime hepatic target of
metformin [2, 3]. However, recent studies have revealed that metformin, besides its glucose-
lowering action, might exert additional, promising actions for the modulation of whole
body homeostasis and metabolism, by specifically targeting other key endocrine/metabolic
tissues, as well as by exerting other positive effects through additional mechanisms of actions
(i.e. beneficial use in the treatment of cancer, cardiovascular diseases, aging, immunity
and polycystic ovarian syndrome, etc.); although, these and other effects and mechanism
of actions of metformin require further investigation [4-12]. Actually, it is still unclear if
AMPK is the central mediator of metformin effects in all metabolic tissues and, therefore,
the existence of both AMPK-dependent and independent mechanisms has been proposed
[2,13, 14].

In this context, the pituitary gland, classically known as the “master endocrine gland”,
is currently considered also a true metabolic sensor for whole body function, and one of the
mostimportant players in the control of body homeostasis, integrating central and peripheral
signals [15]. Specifically, the five hormone-producing cells of the adenohypophysis (i.e. GH-
producing somatotropes, PRL-producing lactotropes, ACTH-producing corticotropes, TSH-
producing thyrotropes, and FSH/LH-producing gonadotropes) receive multiple central
and peripheral signals and, the integration of these signals results in the modulation of
the corresponding hormonal secretions, which, in turn, control key peripheral organs and
tissues related with essential metabolic functions such as growth, lactation, stress responses,
appetite, reproduction, whole-body metabolism and puberty [16]. Inasmuch as metformin
is involved in the modulation of a wide variety of metabolic processes in humans, it seems
reasonable to think that this agent could exert some of these effects by directly influencing
pituitary gland function. Indeed, some observations suggest that metformin is able to
modify pituitary hormone levels in some pathological conditions (i.e. patients with pituitary
adenomas, hypothyroidism or polycystic ovary syndrome (PCOS) [17, 18]), although these
results are scattered, inconsistent and controversial.

To the best of our knowledge, no studies have explored hitherto, on suitable models,
how metformin or other biguanides agents can modulate directly the function of all
the anterior pituitary cell types in normal adult humans or in primate species, and what
intracellular signaling pathways would be involved in these putative actions. Accordingly, in
the present study, we aimed at determining, for the first time, the direct effects of metformin
and phenformin on the expression and secretion of all anterior pituitary hormones in two
primate model species that closely resemble human physiology: Papio anubis (baboons) and
Macaca fascicularis [19-21]. In addition, we also used primary pituitary cell cultures from
baboons to better understand the mechanisms behind these actions, by evaluating the effects
of these biguanides on the expression of selected key receptors and transcriptional factors
involved in the normal functioning of the pituitary cell types, and by assessing the precise
contribution of different signaling pathways in the actions of metformin using standard
pharmacological (inhibitory) approaches.
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Materials and Methods

Reagents

All reagents and inhibitors of intracellular signaling pathways used in this study were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Ghrelin was purchased from Phoenix
Pharmaceuticals (Burlingame, CA). o-MEM, HEPES, horse serum, and penicillin-streptomycin were obtained
from Invitrogen (Grand Island, NY), and U73122 was purchased from Cayman Chemical (Ann Arbor, MI).

Animals and tissue collection

Pituitary glands were obtained from randomly cyclic female baboons (Olive Baboon; Papio anubis;
n=6; 7-12 years of age) and macaques (Macaca fascicularis; n=3; 7 years of age) within 15 min after sodium
pentobarbital overdose as previously reported [22, 23]. The animals represent control animals from a
breeding colony at the University of Illinois at Chicago (UIC). All procedures were approved and conducted
under the Institutional Animal Care and Use Committee at the UIC (Chicago, IL), and all methods were
carried out in accordance with relevant guidelines and regulations. Right after the animals were euthanized,
pituitaries were excised, placed in sterile cold (4 °C) basic media (a-MEM with: 0.15% BSA, 6nM HEPES,
10-IU/mL penicillin, and 10-pg/mL streptomycin) and immediately transported to the laboratory in sterile
conditions.

Primary pituitary cell cultures

Pars distalis of the pituitary was isolated, washed twice in fresh media, and cut into small pieces (~20 -
40 mg) with surgical blades; then, fragments were incubated in 30 mL S-MEM medium complemented with
0.3% trypsin (Beckton, Dickinson and Company, Sparks, MD, USA) in a spinner flask (Bellco Glass, Vineland,
NJ, USA) for 2 h at 37 °C under gentle shaking to obtain dispersed single cells for culture, as previously
reported [22-25]. To avoid fibroblast contamination, suspensions of dispersed pituitary cells were filtered
through a nylon gauze of 130 uM-mesh and cultured in media with D-Valine (replaced for L-valine) to
selectively inhibit fibroblast proliferation/overgrowth. In addition, visual inspection of primary cell cultures
at the time of experimental assays showed no sign of cells displaying the typical fibroblast-like morphology.

Single cells (50.000-200.000 cells/ well) were plated onto 48- or 24-well plates in media containing
10% fetal horse serum. After 36h incubation (37°C, 5% CO,), media was removed and cells pre-incubated
for 1h with fresh, warm (37 °C) serum-free medium to stabilize basal hormone secretion. After this pre-
incubation period, cells were incubated with serum-free medium alone (controls) or serum-free media
containing the following treatments: 1) metformin or phenformin alone (107 to 5x10 M; dose-response
experiment; 4h incubation; doses selected based on previous studies [12, 26, 27]); 2) metformin or
phenformin alone (5x102 M) for 4h and 24h (time-course experiment); 3) metformin or phenformin
alone (5x103 M) or in combination with GH-releasing hormone (GHRH; 10 nM), acylated-ghrelin (10 nM)
or gonadotropin-releasing hormone (GnRH, 10 nM) for 4h. Cells from different pituitaries (i.e. n=6 from
baboons and n=3 from macaques) were not pooled. It should be noted that, given the limited source of
macaque cell preparations (n=3), and the amount of cells obtained after dispersion of the pituitary glands,
we were not able to reproduce the total amount of experiments included herein in both primate species.

To study the intracellular signaling pathways involved in the metformin-mediated actions on
baboon pituitary hormone release, after the 1h pre-incubation period with serum-free media, cells were
incubated for an additional 90-minute period in serum-free media containing the following inhibitors of
selected intracellular signaling pathways: mammalian target of rapamycin (mTOR; rapamycin; 10 puM),
phosphatidylinositol 3-kinase activity (PI3K; wortmannin; 1 puM), mitogen-activated protein kinase activity
(MAPK; PD-98, 059; 10uM), extracellular Ca?* L-type channels (nifedipine; 1uM), intracellular Ca?* channels
(thapsigargin; 10uM), adenylyl cyclase (AC; MDL-12, 330A; 10uM), and phospholipase-C (PLC; U73122;
50uM). Thereafter, the media were replaced with media with the specific inhibitor alone (vehicle) or
media with the inhibitor containing metformin (5x10- M), and cells were incubated for an additional 4h.
Additional controls consisted of serum-free media alone or media with metformin (in all cases without
inhibitors). Doses for GHRH, acylated-ghrelin, GnRH or inhibitors of intracellular signaling pathways were
selected based on previous studies [22-25, 28, 29]. At the end of the corresponding incubation periods with
the different treatments, media were collected for hormone analysis using commercial ELISAs (see section
below) and, in selected cases, cells were processed for total RNA recovery and assessment of mRNA levels
by quantitative real-time PCR (qPCR; see section below).

Hormone release analysis.
GH, PRL, ACTH, LH, FSH and TSH hormone concentrations in the culture media were measured using
human commercial ELISAs [Human: GH, PRL, ACTH, FSH, LH and TSH (reference numbers: EIA-1787, EIA-
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1291, EIA-3647, E1IA-1288, EIA-1289 and EIA-1790, respectively; DRG, Mountainside, NJ)], as previously
described [22, 24]. All the assays were performed following the manufacturer’s instructions where the
information regarding specificity, detectability and reproducibility for each of the assays can be accessed at
the websites of the indicated company.

RNA isolation, reverse transcription and qPCR of primate transcripts

Primary pituitary cell cultures from baboons were processed for recovery of total RNA and the
subsequent quantification of the amount of RNA recovered using kits and methods previously described
[23, 29]. Briefly, total RNA was extracted using the Absolutely RNA RT-PCR Miniprep Kit (Stratagene, LaJolla,
CA) with deoxyribonuclease treatment. The amount of RNA recovered was quantified by the Ribogreen RNA
quantification kit (Molecular Probes, Eugene, OR) and reverse transcribed in a 20ul volume using random-
hexamer primers and the cDNA First Strand Synthesis kit (MRI Fermentas, Hanover, MD). cDNAs were
treated with ribonuclease H (1 U; MRI Fermentas) and amplified by qPCR using a Stratagene Mx3000p
real-time PCR machine and the Brilliant III Ultra-Fast SYBR® QPCR Master Mix (Stratagene, La Jolla, CA,
USA). To estimate mRNA copy number, samples were run against specific synthetic standards (1-10° copies
of synthetic cDNA template for each transcript of interest) run on the same plate. Details regarding the
development, validation, and application of a qPCR as well as the specific sets of primers sequences to
measure expression levels of primates transcripts included in this study, including cyclophilin A (PPIA;
used as a reference, housekeeping gene), have been reported previously [22-24, 29, 30]. New baboon
primer sequences were used in the present study to amplify GNRHR, (sense, TGCCTCTTCATCATCCCTCTT
and antisense AGTCTTCAGCCGTGCTCTTG; accession number, NM000406; product size, 144 pb) and LEPR
(sense, GGAAGGAGTGGGAAAACCAAAG and antisense, CCAAGCAATAAGATGGAAGAGG; accession number,
XM_009210050.2; product size, 126 pb). To control for variations in the amount of RNA used in the RT
reaction and the efficiency of the RT reaction, mRNA copy numbers of the baboon transcripts analyzed were
adjusted by cyclophilin-A expression, where baboon cyclophilin-A mRNA levels did not significantly vary
between experimental groups (data not shown).

Cell viability

In order to determine if metformin or phenformin altered cell viability, trypan blue (Sigma, St. Louis,
MO) assay was used as previously reported [22], following the manufacturer’s instructions. Specifically,
macaque and baboon primary pituitary cell cultures were plated onto 48-well tissue culture plates (100,
000 cells/well: 3 wells/treatment) in basic medium containing 10% horse serum. After 24h of incubation
(37°C, 5% CO,), medium was removed, and cells were preincubated for 4h in fresh, warm (37°C) serum-free
medium to induce cells synchronization. Then, cells were washed 3 times with serum-free medium and
incubated 24h with serum-free medium alone (controls) or containing metformin or phenformin (5x10
M). After that, cell viability was evaluated using trypan blue reagent (counting a minimum of 300 cells/
well /treatment).

Statistical analysis

Samples from all groups within an experiment were processed at the same time. Results are expressed
as mean + SEM and were obtained from at least three separate, independent experiments carried out on
different days, and with different cell preparations (3-4 replicate culture wells/treatment/experiment). To
normalize values within each treatment and minimize intragroup variations in the different experiments
(i.e. different age of the donor, metabolic environment, stage of the estrus cycle, etc.), the values obtained
were compared with the corresponding vehicle-treated controls (set at 100%), where this style of data
presentation does not alter the relative differences between the different biguanides-treated and vehicle-
treated groups. Differences between experimental groups were assessed by one-way ANOVA [or two-way
ANOVA when the intracellular signaling pathways, with treatments with and without (controls) specific
inhibitors, were studied] followed by Fisher’s test for multiple comparisons. P<0.05 was considered
significant difference. All statistical analyses were performed using GB-STAT software package (Dynamic
Microsystems, Inc., Silver Spring, MD).

Results

Direct effects of metformin and phenformin on primate pituitary hormone release.

Incubation of cultured baboon and macaque pituitary cells with increasing doses
of metformin (from 107 to 5x10-3 M) for 4h revealed significant inhibitory effects on GH,
ACTH and FSH release in a concentration-dependent manner (at doses equal to or above
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Fig. 1. Dose-response (4h) of metformin and phenformin (5mM, 10-°M and 10”M) on the secretion of GH,
PRL, ACTH, FSH, LH and TSH in primary pituitary cell cultures from baboons (A: metformin, n=4; phenformin,
n=1) and macaques (B; n=3). Data are expressed as percent of control (set at 100%) and represent the mean
+ SEM (n=3-4 wells/experiments). Values that do not share a common letter (a, b and c) are statistically
different.

107°M for GH/ACTH and 5x10* M for FSH; Fig. 1A-B; n=3-4). Conversely, metformin failed
to alter basal PRL, LH or TSH release at all the doses tested (Fig. 1A-B). Treatment with
phenformin exerted the same effects than metformin on the secretion of all the pituitary
hormones [Fig. 1B; macaque-model (n=3), and a single pilot experiment performed in the
baboon-model (Fig. 1A)]. Based on these results, the dose of metformin and phenformin that
caused a maximal or significant decrease of GH, ACTH and TSH release, 5x10M, was chosen
to further analyze the action of these agents on primate pituitary function.

Direct effects of metformin and phenformin after a short vs. long incubation period on

primate pituitary hormone release

In a separate experiment, treatment with 5x103 M metformin and phenformin, for
differentincubation times, i.e. short- (4h) and long-term (24h), confirmed an inhibitory effect
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Fig. 2. Time response (4h and 24h) of metformin and phenformin (5 mM) on GH, ACTH and FSH secretion
in primary pituitary cell cultures from baboons (A: metformin, n=3-4; phenformin, n=1) and macaques (B;
n=3). Data are expressed as percent of control (set at 100%) and represent the mean * SEM (n=3-4 wells/
experiments). Asterisks (*p<0.05, **p<0.01) indicate values that significantly differ from their respective
control values.

of both biguanides on GH, ACTH and FSH release [Fig. 2A-B (n=3-4); and Fig. 2A (phenformin;
n=1)], but not on PRL, LH or FSH release (data not shown), mostly conserved between 4h
and 24h. However, it should be noted that these inhibitory effects were apparently more
pronounced after a short-term compared to a long-term incubation-period, being this
inhibitory effect not statistically significant for baboon/macaque FSH-release (Fig. 2A-B)
and macaque ACTH-release (Fig. 2B) after metformin treatment at 24h.

Direct effects of metformin on primate pituitary hormone expression.

Metformin treatment (5x103M) clearly reduced the expression levels of GH and
proopiomelanocortin (POMC, the ACTH precursor) at 24h, but not at 4h in baboon primary
pituitary cells (Fig. 3). In contrast, it did not alter FSHB expression levels (Fig. 3), or those of
other pituitary hormones (PRL, LHB or TSHB) at 4- or 24-h (Fig. 3).

Interaction of metformin with key regulators of GH, ACTH and FSH secretion: GHRH,

ghrelin and GnRH in primate models

We next tested the direct effects of 4h of incubation with metformin alone or in
combination with primary stimulatory factors of somatotrope, corticotrope or gonadotrope
function, i.e. GHRH, ghrelin and GnRH; [22, 24, 29] (Fig. 4). This first revealed that, as
expected, treatment with metformin alone inhibited GH, ACTH and FSH release, whereas
GHRH, ghrelin or GnRH alone stimulated GH, ACTH and/or FSH release in primary pituitary
cell cultures from baboons and macaques (Fig. 4). Interestingly, co-administration with
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Fig. 3. Direct effect of metformin (5 mM) on mRNA expression of GH1, POMC, FSHB, PRL, LHB and TSHB
in baboons. Data are expressed as percent of control (set at 100%) and represent the mean + SEM (n=3
individual experiments, n=3-4 wells/experiments). Asterisks (*p<0.05) indicate values that significantly
differ from their respective control values.

metformin did not impact the stimulatory actions of GHRH-stimulated GH release, ghrelin-
stimulated GH or ACTH release, or GnRH-stimulated FSH release (Fig. 4).

Direct effects of metformin on primate pituitary cell viability

Treatment with metformin and phenformin did not alter cell viability in macaque
primary pituitary cell cultures (Fig. 5). Similarly, pilot results from a single experiment
performed in baboon primary pituitary cell cultures also indicated that metformin and
phenformin treatment did not impact cell viability (data not shown). Moreover, as an indirect
measurement of the maintenance of cell number after the treatments with metformin or
phenformin in baboon and macaque primary pituitary cell cultures, we analyzed and
observed that the recovery of total RNA in the vehicle-treated samples and in the biguanide-
treated samples across experiments were markedly constant [RNA concentrations measure
using the Ribogreen RNA quantification kit and also a NanoDrop Lite (Thermo Fisher
Scientific, Wilmington, DE 19810, USA)], which indirectly confirmed that the treatment with
these biguanides did not affect cell viability in normal primary pituitary cell cultures (data
not shown).

Intracellular signaling pathways involved in the metformin-induced reductions in GH,

ACTH and FSH release in the baboon model

The use of pharmacological inhibitors revealed that metformin inhibits GH, ACTH and
FSHrelease through highly similar, if notidentical signaling pathways (Fig. 6A-C, respectively).
Specifically, our results indicate that the inhibitory effect of metformin on GH, ACTH and
FSH release is likely mediated through mTOR, PI3K and intracellular Ca?* influx, because
incubation with specific blockers of these routes, but not with extracellular Ca**influx, AC or
PLC inhibitors, completely blocked the inhibitory effect of metformin on GH, ACTH and FSH
secretion (Fig. 6; metformin-columns). Interestingly, blockade of MAPK activity completely
abolished the inhibitory effect of metformin on GH, but not ACTH or FSH, secretion (Fig. 6).
Importantly, administration of these inhibitors alone did not modify basal GH, ACTH or FSH
release (Fig. 6; control-columns). It should be noted that given the limited source of baboon
cell preparations, we were able to study only some signaling routes, which were selected
based on their importance on the functioning of multiple pituitary cell types [15]. Moreover,
we were not able to study AMPK signaling using a similar approach since no specific and
reliable pharmacological inhibitor is available to examine its function.
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are statistically different.

Fig. 5. Effect of metformin (5 mM) on cell viability (24h) of primary
pituitary cell cultures from macaques assessed by trypan-blue
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Fig. 6. Intracellular signaling pathways of metformin-regulated baboon GH (A), ACTH (B) and FSH (C). Effect
of inhibition of mTOR (rapamycin; 1 uM), PI3K (wortmannin; 1uM), MAPK (PD-98,059; 10uM), extracellular
Ca?*channels (nifepidine; 1uM), intracellular Ca** channels (thapsigargin; 10uM), AC (MDL-12,3304; 10uM),
and PLC (U73122; 50uM) on metformin-stimulated hormone release in primary pituitary cell cultures from
baboons. Values are expressed as percent of vehicle-treated control without inhibitor (set at 100% within
each experiment) and represent the mean + SEM (n=3-4 individual experiments, n=3-4 wells/experiments).
Values that do not share a common letter (a, b and c) are statistically different.

Direct effects of metformin on the expression of key receptors and a transcriptional factor

involved in somatotrope, corticotrope and gonadotrope function.

Next, we studied the direct effect of metformin (24h of incubation) on the mRNA
expression of a basic transcription factor for somatotropes, the pituitary transcription
factor-1 (POU1F1) (Fig. 7A), and of selected key receptors controlling pituitary physiology
(Fig. 7B). Metformin caused clear increases in the expression of key receptors associated
to primary regulation of somatotrope, corticoptrope and gonadotrope function, including
somatostatin receptor subtypes 2 and 5 (SSTRZ and SSTR5; the two main pituitary receptor
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Fig. 7. Direct effect of metformin (n=3; 5 mM) and phenformin (n=1; 5 mM) on mRNA expression of (A,
C) the pituitary transcription factor-1 (POU1F1); and (B, D) key receptors involved in the functioning of
different pituitary cell-types (SSTR1, SSTR2, SSTR5, DRD2, GHRHR, GNRHR, CRHR, GHSR, KISS1R, LEPR,
INSR and IGF1R) in primary pituitary cell cultures from baboons. Data are expressed as percent of control
(set at 100%) and represent the mean * SEM (n=3-4 wells/experiments). Asterisks (*p<0.05, **p<0.01)
indicate values that significantly differ from their respective control values.

of the somatostatin system), and the receptors for leptin (LEPR), insulin (INSR) and IGF1
(IGF1R)] (Fig. 7B). Conversely, metformin did not alter the expression of POUIF1 (Fig. 7A)
or those of other receptors tested (somatostatin receptor subtype 1 (SSTR1), dopamine
receptor subtype-2 (DRDZ), GHRH-receptor (GHRHR), corticotropin-releasing hormone-
receptor (CRHR), ghrelin-receptor (GHSR) or kisspeptin-receptor (KISSR). Moreover, results
from a pilot, single experiment revealed that phenformin treatment exerted comparable
effects to those observed with metformin on the expression of these receptor and POU1F1
(Fig. 7C-D).

Discussion

Biguanides are synthetic drugs widely known by their antidiabetic properties, which
seem to be primarily mediated by the inhibition of hepatic gluconeogenesis and the increase
of glucose uptake in peripheral tissues, such as muscle or fat [2, 3]. However, biguanides
are also being thoroughly studied due to their beneficial actions in the modulation of other
critical (patho)physiological conditions such as the development of metabolic syndrome,
cardiovascular disease or different types of cancer [4-10]. This pleiotropic nature of
biguanides has also suggested the existence of additional sites of action (tissue targets)
for these compounds. In this context, the “master endocrine gland”, i.e. the pituitary gland,
could also serve as a suitable target and mediator for the actions of biguanides, owing to its
emerging role as a true sensor of alterations in whole body homeostasis and metabolism,
by receiving, integrating and processing the information originating from central and
peripheral signals, and appropriately conveying it to various key target endocrine and non-
endocrine organs (i.e. liver, fat, muscle, etc) [15]. However, the information available about
the effects that biguanides exert at the pituitary level is scarce, partially contradictory and
somewhat controversial. Specifically, most of the data available mainly derives from early
studies conducted in patients with different pathological conditions [i.e. polycystic ovary
syndrome (PCOS), hypothyroidism, hyperprolactinaemia, or obesity], which have shown
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that metformin could exert inhibitory actions on LH (but not FSH) TSH, PRL or GH levels,
respectively [11, 12, 17, 18, 31-34]. But, our understanding of the effects of metformin, or
other biguanides, in healthy humans remains a subject of intense debate since the available
studies are quite limited and indicate that metformin does not seem to significantly impact
plasma GH, LH or FSH levels [11, 12]; however, a caveat should be introduced at this point,
because, although these early data undoubtedly have great value for the scientific community,
most of this information was generated from studies using metformin for prolonged periods
of time. Moreover, to the best of our knowledge, the direct, in vitro, effects of metformin at
the pituitary level have been only reported in two studies showing that LH or FSH secretion
levels were not altered in response to different doses of metformin after 48h of incubation
in normal rat primary pituitary cells [26], whereas GH release was significantly reduced by
metformin in tumoral GH3 cells and in cultured human GH-producing adenomas [35].

Thus, the question remains: can biguanides directly regulate pituitary function (basal and
stimulated hormone release and hormone gene expression) under normal, non-pathological
conditions in humans or non-human primates? To address this question, in the current study,
we examined whether metformin and phenformin could directly impact hormone release/
expression in primary pituitary cell cultures from normal baboons and macaques. These two
primate species are of great interest for translational biomedical research, since they closely
model human physiology, and have been frequently used to test a variety of hypotheses that
cannot be directly tested in human subjects [19, 20]. Indeed, this approach provided here the
first compelling evidence that metformin and phenformin inhibit somatotrope, corticotrope
and gonadotrope function. Specifically, we showed that these biguanides act selectively to
suppress basal GH, ACTH and FSH release and that this inhibitory action could be held over
time. In fact, the maximal hormone release inhibition was already achieved (for GH, ACTH
and FSH) after 4h of incubation, and although the inhibitory effect was still observed after
long-term (24h) incubation for GH and ACTH, but not FSH, secretion, no further quantitative
reduction was appreciable above the initial inhibition observed at 4h.

In addition, to our knowledge, this is the first report studying, in a cell culture system,
the direct interaction between metformin with other primary regulators of somatotrope
and corticotrope function. Specifically, we found that metformin treatment did not impact
the stimulatory actions of GHRH-stimulated GH release, ghrelin-stimulated GH or ACTH
release or GnRH-stimulated FSH release, which might suggest common mechanisms of
action between those pituitary hormones-modulators and metformin (as will be further
discussed below). It should be mentioned that this latter result is in contrast with the
only previous report published to date indicating that GnRH-stimulated FSH and LH was
reduced by metformin in rat primary pituitary cell cultures [26]. These discrepancies on
the modulation of gonadotropes may be due, in part, to the age, sex and/or reproductive
status of the donor, to the time of incubation (short vs. long periods), cell preparation and
culture conditions, etc., but also, most likely, to fundamental differences in the physiology
of gonadotropes from rat vs. primate species. Nevertheless, although the mechanisms
and physiologic relevance behind the actions of metformin and phenformin observed in
the present study remain unknown, our results are novel and demonstrate that one of the
primary actions of these biguanides are confined to the regulation of basal, non-stimulated,
GH, ACTH and FSH release. Moreover, these results demonstrate that these effects of both
biguanides are conserved across the two primate models analyzed in this study, two species
that closely model human genetics and physiology; thence, it is tempting to speculate that
these biguanides may exert similar effects in anterior pituitary cells of humans, which set
the stage for future investigations. In any case, our current data further extend previous
observations, suggesting that the physiological actions of biguanides include a pituitary site
of action as well.

Additionally, our dataalso indicated that the primary actions of metformin in the pituitary
of baboons were not confined to the regulation of hormonal secretions, but also included
regulation of the synthesis of different hormones. No previous studies have described the
direct actions of metformin in the synthesis of all the anterior pituitary hormones in humans
or non-human primates. Specifically, our data indicated that the observed inhibitory effects of
metformin on baboon GH and ACTH secretion would be directly associated to and reinforced
by a decrease in the expression of these hormones (i.e. GH1 and POMC). Moreover, we also
found that metformin did not alter PRL, FSHB, LHB and TSHB expression, which closely
parallels the lack of effect observed at 24h of incubation in the release of these hormones.
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Consequently, these data indicate that, whereas the pituitary actions of metformin extend
to both hormonal synthesis and release in somatotrope and corticotropes, its effects on
gonadotropes only seem to modulate secretory vesicle release, but not FSH expression.
Importantly, our results indicate that the inhibitory actions of metformin and phenformin
on pituitary cells cannot be attributed to an effect on cell viability or in the expression of
the transcription factor Pit-1 since 24h-incubation with these biguanides did not alter cell
viability or POU1F1 expression in primate primary pituitary cell cultures.

Ourreportalso provides the first analysis of the different intracellular signaling pathways
that underlie the direct effects evoked by metformin on multiple anterior pituitary hormone
secretions (i.e. GH, ACTH and FSH release). Specifically, the use of a standard pharmacological
(inhibitory) approach revealed that the actions of metformin on GH, ACTH and FSH secretion
are mediated by mTOR, PI3K and intracellular Ca** mobilization, but not by AC, PLC or
extracellular Ca?* influx. Of note, we also found that the inhibitory actions of metformin on GH,
but not ACTH or FSH, secretion also require MAPK. At this point, it is important to mention
that AMPK has been classically considered to be a central mediator of metformin effects in
different tissues/organs 2; however, this contention remains controversial since numerous
reports have also demonstrated AMPK-independent mechanism of actions for metformin
[13, 14]. Indeed, although we were not able to determine the implication of AMPK using
this pharmacological approach due to the lack of effective, and accepted, specific inhibitors
of AMPK, our data further support the notion that metformin can act through AMPK-
dependent and -independent pathways. Specifically, we found that three of the signaling
pathways that are essential to mediated the actions of metformin at the pituitary (i.e. mTOR,
PI3K and intracellular Ca** mobilization), have been previously described to be upstream
or downstream of AMPK signaling pathway [36-40], which might suggests that metformin
might act through these pathways in a AMPK-associated manner at the pituitary level.
Additionally, we have also observed that metformin exerts inhibitory effects on GH secretion
through pathways not linked with AMPK, such as MAPK signaling, which also demonstrate
the existence of AMPK-independent mechanisms in somatotrope cells. Furthermore, the
analysis of the different intracellular signaling pathways help to explain the reason why
metformin treatment did not impact the stimulatory actions of ghrelin/GHRH /GnRH, as
the actions of metformin are associated to the activation of similar and divergent signaling
pathways to those evoked by these peptides. Specifically, ghrelin has been associated with
the activation of multiple signaling cascades at the pituitary level in non-human primates,
including PLC, protein kinase C (PKC), intracellular and extracellular Ca?* and MAPK [15,
41]; while the signaling pathways associated to GHRH and GnRH include AC/cAMP/ protein
kinase A (PKA), NOS/guanylate cyclase (GC) and intra-/extracellular Ca* [15]. Therefore,
this report reveals that metformin, ghrelin, GHRH and GnRH exert their pituitary actions
through distinct, but also common (i.e. intracellular Ca** and MAPK pathways), signaling
pathways, which could explain, in part, why metformin treatment might not influence the
stimulatory actions of these peptides at the pituitary level.

Our data indicated that the actions of metformin in the baboon pituitary also include
regulation of the sensitivity of somatotropes, corticotropes and gonadotropes to some of
their well-known regulatory factors (i.e. insulin, IGF1, leptin and somatostatin), some of
which are tightly related with metabolic homeostasis [15, 29, 42-45]. In particular, metformin
treatment provoked a significant increase in the expression of key receptors associated to
primary inhibition of GH, ACTH and/or FSH secretion (e.g. SSTRZ, SSTR5, INSR and IGF1R),
which, in conjunction, might also be serving to enhance the inhibitory effects of metformin
on the hormone expression and release of somatotropes, corticotropes and gonadotropes
observed in these primate models.

Conclusion

Overall, the results of this report unveil the existence of various regulatory layers
for metformin at the secretory, gene expression and signaling levels in the somatotrope,
corticotrope and gonadotrope axes; however, there is a temporal dissociation between them.
Specifically, signaling and secretory actions are rapid (4h) and can be sustained over time
(24h), whereas gene expression effects (GH1, POMC and key regulatory receptors) necessarily
require longer periods to be effective [24h, but not at 4h], and might represent an additional
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regulatory mechanism to enhance the responsiveness of these pituitary cells to metformin.
In this sense, the increase in the expression levels of insulin and IGF-1 receptors observed
after 24h of incubation with metformin might represent a critical molecular, sensory element
at the pituitary level associated to the anti-hyperglycemic and pro-metabolic character
of biguanides, wherein metformin would increase the sensitivity to insulin and IGF-1 in
different endocrine tissues, including the pituitary, to induce an increment in the uptake of
glucose by the cells [46-49].

At the same time, the decrease in the secretion of GH and ACTH could be also one of
the primary, beneficial, metabolic actions exerted by metformin to improve whole body
homeostasis and metabolism since clinical and experimental studies have established that
increased circulating levels of GH and glucocorticoids (secreted in response to pituitary
ACTH) can lead to worsening of insulin resistance, glucose intolerance, overt diabetes
mellitus [50]. In fact, given that GH is an important regulator of cellular and whole-body
metabolism as well as body composition, and that elevation of circulating GH levels causes
hyperinsulinemia and insulin resistance [50-55], a reduction in GH levels in response to
metformin might be primary mechanism associated with the improved insulin sensitivity
observed in response to metformin treatment. Therefore, overall, the results generated in
the present study using two non-human primate models reinforce the contention that the
pituitary is a primary site for the physiological actions of metformin, and that this gland
would represent an additional, key target tissue and a true endocrine sensor contributing, in
concert with other primary tissues (i.e. liver), to the well-known beneficial metabolic effects
of biguanides in humans.
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