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1. Introduction 
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1.1.- The prostate gland: localization, function and regulation 

 

The prostate is classically considered as an exocrine gland with an oval shape 

located between the bladder and the penis and with the size of a walnut (4 cm wide 

and 3 cm thick), which is part of the male reproductive and urinary systems. The 

prostate surrounds the urethra just below the urinary bladder and can be felt during a 

rectal exam (Figure 1) (1, 2).  

 

Figure 1: Prostate gland localization on the male urogenital system.  The prostate surrounds 

the urethra just below the urinary bladder and is closely connected with the seminal vesicles. 

Scheme adapted from (3). 

 

This gland is responsible for the production and secretion into the urethra, during 

ejaculation, of a fluid that would nourishes and protects sperm. Therefore, the 

production of this fluid, along with sperm cells from the testicles and fluids from other 

glands, make up semen (2, 4). Specifically, this prostatic secretions (representing 15% 

of the semen) are a milky white mixture of simple sugars (such as fructose and glucose), 

enzymes, and alkaline chemicals.  

Prostate development and function are regulated by multiple hormones [i.e. 

steroids hormones such as androgens, estrogens and glucocorticoids (2, 4-8)], and from 

different tissues [e.g. testicles, adrenal gland, adipose tissue, pituitary, etc. (9-12)]. 

Specifically, androgens are classically considered to be the most important hormones 

controlling prostatic homeostasis, development and function. The control of the 

production of these androgens is highly complex since it is the result of a crosstalk 

between the hypothalamus, the pituitary gland and the testicles (responsible for the 

production of 95% of the testosterone) (9, 13), but also with the participation of the 

adrenal glands which, besides being the main source of glucocorticoids, also produce 

http://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0025017
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additional androgenic hormones like androstenedione and dehydroepiandrosterone (10) 

(Figure 2). In this sense, the majority of estrogens present in men is derived from the 

peripheric conversion, mainly in the adipose tissue, of androstenedione and testosterone 

to estrone and estradiol (14); however, small amounts are also produced in the testes 

(15). As a result, androgens, estrogens and glucocorticoids exert their actions at the 

prostate level via binding to their cognate nuclear receptors [AR, ER and GR, 

respectively)] resulting in key levels of regulation of prostate cell function (15-17) 

(Figure 2). Hence, although the physiological role of glucocorticoids as regulator of 

prostatic biology is still unclear (18), the actions of androgens (mainly produced by the 

testis) and estrogens (mainly produced in the adipose tissue) are crucial for prostate 

development, growth and function (4, 19-21).  

 

Figure 2- Prostate cell regulation by androgens, estrogens and glucocorticoids. These 

hormones exert their functions through specific nuclear receptors. Particularly, testosterone 

synthesized by the testicles in response to Luteinizing Hormone (LH) activates the androgen 

receptor (AR) in prostate cells; while adipose tissue converts androstenedione and testosterone 

to estrone and estradiol, which activate the estrogens receptors (ER) in prostate cells. Finally, 

the glucocorticoids secreted by the adrenal glands activate the glucocorticoids receptors (GR) 

present at the prostate gland. The combination of the activation of these different receptors are 

essential for the normal prostate gland growth, development and homeostasis.   

 

Besides the primary actions of steroids at the prostate level (i.e. androgens and 

estrogens produced by different organs), it is now becoming apparent that additional 

factors produced by multiple endocrine-related organs (e.g. pituitary, liver and adipose 
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tissue) can also be important regulators of prostatic cell function. In fact, although 

steroids hormones, especially androgens, are essential, they are not sufficient to induce 

the normal growth of prostate gland or enable it to function normally (22). In this sense, 

it is now clear in both human prostatic pathologies and animal models that other 

hormones must be considered to explain those aspects of prostatic development and 

function that cannot be attributed to androgens (23, 24). As will be described in detail 

below, growing evidence has demonstrated that various pituitary hormones systems 

[e.g. growth hormone (GH)/ hepatic insulin-like growth factor 1 (IGF1) system and 

PRL] (25-27), as well as other hormones [e.g. insulin (mainly produced and secreted by 

the pancreas (28, 29))] might also exert important roles in the development and 

homeostasis of prostate gland. Therefore, it is becoming evident that a growing number 

of regulators (central and peripheral), interactions and mechanisms, supports the view 

that the control of prostate function is far more complex than originally envisioned, and 

that future studies are needed to be implemented in order to elucidate the precise effects 

of various regulators produced at different levels, the complete set of their underlying 

mechanisms, and the network of interactions among them. 

 

1.2.- Prostate gland as a component of the endocrine system  

 

The endocrine system is a complex component of the organism that plays a 

critical role on the regulation of the general homeostasis and on the 

development/maintenance of all tissues/organs of the body, through the action of 

multiple hormones, peptides, enzymes, etc. This system is comprised by multiple glands 

and organs (Figure 3), which produce and/or secrete a wide variety of regulatory and 

active components (i.e. hormones, lipids, enzymes, etc.), including the hypothalamus 

[secreting thyrotropin-releasing hormone, dopamine, growth hormone-releasing 

hormone (GHRH), somatostatin, gonadotropin-releasing hormone (GnRH), 

corticotropin-releasing hormone, vasopressin, etc. (30)], pineal gland [secreting 

melatonin (31)], pituitary gland [secreting GH, prolactin (PRL), thyroid-stimulating 

hormone (TSH), adrenocorticotropic hormone (ACTH), beta-endorphin, follicle-

stimulating hormone (FSH), luteinizing hormone (LH), melanocyte-stimulating 

hormone, oxytocin and vasopressin, etc. (32)], thyroid [secreting triiodothyronine, 

thyroxine, calcitonin, etc. (33)], pancreas [secreting insulin, glucagon, somatostatin, 
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ghrelin, pancreatic polypeptide, etc. (28)], adrenal glands [secreting glucocorticoids, 

mineralocorticoids, androgens, adrenalin, noradrenalin, dopamine, etc. (34)], liver 

[secreting albumin, transferrin, IGF1 and IGF binding protein, etc. (35)], adipose tissue 

[secreting estrogens, adipokines (e.g. leptin, adiponectin, resistin), etc. (36)], stomach  

[secreting somatostatin, ghrelin, etc. (37)], gonads [secreting androgens, estradiol, 

progesterone, androstenedione, estrogens, etc. (38)], etc.  

 

 
 

Figure 3 – Localization of the classical endocrine glands. The endocrine system is comprised 

by multiple glands and organs, which produce and/or secrete a wide variety of regulatory and 

active components (i.e. hormones, lipids, enzymes, etc.), including the hypothalamus, pineal 

gland, pituitary gland, thyroid, pancreas, adrenal glands, liver, adipose tissue, stomach, gonads, 

among others. 

 

In this sense, the prostate has been classically consider as an exocrine gland, 

dependent on other hormones (i.e. steroids, etc.) to maintain its size and normal 

secretory function; however, it seems to become increasingly evident that the prostate 

can also act as an endocrine, paracrine, and autocrine organ elaborating an array of 

factors (i.e. hormones, enzyme, etc. such as androgens and estrogens) that can influence 

the growth, function and oncogenesis of the own prostate but also of (8, 39-42). In fact, 

as mentioned previously, although the classical view of the endocrine control of 

prostatic physiology and anatomy is thought to be mainly mediated through those 

factors produced and secreted by the hypothalamus and anterior adenohypophysis, 
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which affect prostate gland either directly or indirectly through the testes (43), novel 

information has been gained indicating that the endocrine control of prostatic 

pathophysiology is not as simple and straightforward as originally envisioned and might 

involve a wide variety of factors produced by other endocrine organs (e.g. adipose 

tissue, liver, pancreas, etc.) (4, 6-8, 29, 44-46). 

 

1.3. – The Pituitary gland as a metabolic sensor  of the endocrine 

system  

 

The pituitary gland, also known as the “master gland”, is a fundamental 

regulator of a plethora of relevant physiological functions such as growth, reproduction, 

puberty, lactation, metabolism, stress response, whole-body endocrine homeostasis, etc. 

This gland is located at the sella turcica, a depression in the sphenoid bone, at the base 

of the brain and is comprised of the adenohypophysis (consisting of the anterior and 

intermediate lobes) and the neurohypophysis (or posterior lobe), which are two distinct 

structures from the morphological and functional point of view, which display a strong 

developmental and functional interplay (Figure 4) (47). 
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Figure 4 - Pituitary gland anatomy, products (hormones released) and primary target 

tissues. The different hormones secreted by pituitary exert a pivotal control of many 

physiologic functions, acting directly at the target tissues and indirectly by stimulating other 

regulatory glands. In response, the target tissues/glands respond to the pituitary stimuli secreting 

messengers that act at the pituitary level comprising a complex feedback regulation. Adapted 

from (48).  

 

Specifically, the posterior pituitary gland is responsible for storing and releasing 

hormones produced by the hypothalamus (i.e. the antidiuretic hormone with actions on 

kidneys, or oxytocin, responsible for contractions of the uterus during labor). 

Additionally, the anterior pituitary, comprised by five different cell types (somatotropes, 

lactotropes, corticotropes, gonadotropes and thyrotropes), is responsible for the 

synthesis and release of six key hormones essential for the development and 

homeostasis of multiple tissues/organs and, for the regulation of the plethora of relevant 

physiological functions mentioned above (Figure 4). In particular, GH is secreted by 

somatotropes (essential for somatic growth, tissue development, etc.), FSH and LH are 

both secreted by gonadotropes (important for the maturation of the gonads, for the 

proper prostate function, etc.), PRL is secreted by lactotrope cells (essential for 

mammary glands development and milk production during breast-feeding), ACTH is 

secreted by corticotrope cells (crucial for the regulation of adrenal gland function, etc.), 
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and TSH is secreted by thyrotrope cells (responsible for the proper functioning of the 

thyroid, etc.) [extensively reviewed in (32)]. Importantly, the primary target tissues of 

all these pituitary hormones respond to these stimuli in different way, establishing a 

complex regulatory and dynamic feedback (“negative feedback”, a loop in which the 

response reduces the initial stimulus) (Figure 4).  

To exert all these functions, the pituitary receives and processes the information 

originated from central (i.e. mainly hypothalamic factors) and peripheral signals 

(produced and secreted by numerous tissues/organs), and appropriately conveys it to the 

multiple key target organs (Figure 5) (32, 49, 50). Therefore, to achieve their goal, this 

complex network of multiple regulatory signals must be integrated together to finely 

modulate the synthesis and release of the various anterior pituitary hormones (GH, LH, 

etc.), which, in turn, will be responsible to control the function of the target organs 

involved in the vital processes mentioned above (Figure 5) [extensively reviewed in 

(32, 51-55)].  

Figure 5 - Representative model summarizing central and peripheral regulators involved 

in the modulation of the function of different cell types comprising the anterior pituitary 
gland. Pituitary hormones: Growth hormone (GH)-producing or somatotrope cells, prolactin 

(PRL)-producing or lactotrope cells, adrenocorticotropin (ACTH)-producing or corticotrope 

cells, thyrotropin (TSH)-producing or thyrotrope cells, and follicle stimulating hormone 

(FSH)/luteinizing hormone (LH)-producing or gonadotrope cells]. Increasing evidence indicates 

that pituitary cells act as genuine metabolic sensors, able to gauge the metabolic environment, 

by integrating central and peripheral signals, modulating multiple signaling-pathways and 

adjusting pituitary hormones synthesis and release to finely control whole-body homeostasis. 

Question marks (?) indicate regulators whose action has not been fully defined. 
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1.4.- Endocrine control of the prostate gland by different endocrine 

organs 

 

As it has been previously mentioned, although the classical view of the 

endocrine control of prostatic physiology and anatomy is thought to be mostly mediated 

through testosterone levels produced by the tested and controlled by an specific 

hypothalamic-pituitary axis (i.e. GnRH/gonadotrope-axis) (43), over the last years it has 

become evident that the endocrine control of prostatic pathophysiology is more complex 

than originally envisioned and involve a wide variety of factors produced by other 

regulatory axes and endocrine organs (e.g. additional hypothalamic-pituitary axes, 

adipose tissue, liver, pancreas, etc.) (4, 6-8, 29, 44-46). 

 

1.4.1- Endocrine control of the prostate gland by different pituitary 

regulatory axes  

 

- Role of pituitary LH/FSH: It is widely accepted that the endocrine control of 

the male reproductive system (i.e. testes, prostate, etc.) is primarily governed by the 

neuroendocrine activity along the hypothalamic-pituitary axis (51). Specifically, the 

pivotal hypothalamic signal to the pituitary is the GnRH that is characteristically 

secreted in a robust pulsatile manner and acts via the transmembrane GnRH receptor. 

Hence, GnRH stimulates the secretion of pituitary LH and FSH by the gonadotropes, 

which are the two major endocrine signals to the testis (51, 56). Specifically, LH and 

FSH are secreted in a pulsatile fashion to the peripheral circulation in response to GnRH 

and, mediate their actions at the level of the testis (i.e. production and secretion of 

testosterone in a pulsatile fashion) via specific transmembrane receptors [LHR 

(predominantly expressed in the interstitial Leydig cells) and FSHR (predominantly 

expressed in the Sertoli cells within the seminiferous cords/tubules), respectively]. In 

this sense, although testosterone produced from the testes in response to LH signaling is 

one of the major regulators of prostate function (56), it has also been described that 

LHR and FSHR are expressed at the prostate gland level (57), suggesting that these 

pituitary hormones might also act directly on the prostate gland, modulating locally 

acting key hormones and growth factors. Moreover, testosterone is one of the major 

feedback signals that maintain the physiological function of the hypothalamic-pituitary 
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axis (56); therefore, all these data clearly demonstrate that a complete regulatory loop 

between hypothalamus-pituitary gland and the testes/prostate gland finely operates to 

modulate the reproductive function (i.e. spermatogenesis, etc.) (Figure 6). 

- Role of pituitary PRL: As previously mentioned, besides the well-known 

pivotal role of the hypothalamic (GnRH)/pituitary (LH)/testis (testosterone)-circuit in 

controlling prostate gland physiology, it has been demonstrated that other pituitary 

hormones might also play an important regulatory role in prostatic function. 

Specifically, studies in animal models have suggested that PRL (secreted by lactotrope 

cells), which is a well-known key player in lactation and mammary gland physiology in 

females, also participates in the normal development, growth and function of the 

prostate gland (58). Moreover, the discovery that human prostate expresses PRL-

receptor (PRLR; a non-kinase single-pass transmembrane receptor) demonstrated that 

this organ might be a direct target of PRL (59). Moreover, PRL expression has also 

been demonstrated in the prostate itself, suggesting that this hormone might additionally 

act as a local growth factor via an autocrine or paracrine mechanism distinct from its 

classical endocrine route (59). In fact, this novel view has driven various studies 

regarding the potential role of local PRL in prostate cancer, which have indicated a 

putative connection between prostate tumorigenesis and excess local PRL production 

(60). Additionally, it has been demonstrated that PRL treatment directly stimulates 

proliferation in organ cultures of normal and malignant prostate tissues (59), and 

inhibits apoptosis of prostate epithelial cells (61). In this sense, it has been shown that 

the antiapoptotic and proliferative effects of PRL might be either direct (most likely, 

Stat5-mediated) (62) or indirect, implying PRL-induced expression of receptors for 

growth factors such as IGF1R or ARs (63). Finally, some studies have also suggested a 

role of the prostate in the feedback regulation of pituitary hormones such as PRL, LH 

and FSH (64), which further suggests the presence of a direct regulatory loop between 

the prostate and different pituitary cell types (Figure 6). 

- Role of pituitary GH: As mentioned above, GH (secreted from the pituitary 

somatotropes) and IGF1 [mainly secreted by liver and regulated by GH (35)] system 

(25-27), has been also shown to exert an important regulatory role in the development 

and homeostasis of prostate gland under normal and pathophysiological conditions (44, 

45). In this sense, the hypothalamic GHRH (growth hormone releasing hormone) has 

been unequivocally accepted as the main hypophysiotropic neuropeptide in the 



1. Introduction 
 

12 

 

generation and maintenance of pulsatile/episodic GH secretion through its binding to 

GHRH-receptor, which is expressed in somatotropes (32). GH is a fundamental 

regulator of a plethora of relevant physiological functions such as growth, metabolism, 

whole-body endocrine homeostasis, reproduction, etc. (65, 66). Particularly, it has been 

demonstrated that the prostate expresses GH receptor (67, 68), and that GH is essential 

for prostate gland homeostasis, regulating its development (44, 45) and for the local 

expression of IGF1 and its receptor (IGF1R) (63, 68, 69). Interestingly, it was found 

that GH treatment stimulated AR synthesis at the prostate level suggesting that GH 

might act on this gland by potentiating the effects of testicular androgens (63). On the 

other hand, sex steroid hormones have been also shown to modulate GH synthesis and 

secretion (70), suggesting the existence of regulatory loop between the prostate and 

somatotrope cells. Moreover, GH/IGF1axis have also been demonstrated to act as an 

important regulatory system in prostate disorders and prostate cancer development (25, 

71). In this sense, systemic and locally produced IGF1 (25) can play an important role 

in prostate gland function regulating cell proliferation, differentiation and also apoptosis 

(46), acting as a paracrine and/or autocrine factor (Figure 6). 

- Role of other pituitary hormones: Finally, limited and/or inconclusive 

studies have been reported focusing on the role of other pituitary hormones (i.e. ACTH 

and TSH) on prostate gland function. In this sense, receptors for ACTH (melanocortin 

receptor 2) are expressed at the prostate gland level, and ACTH treatment was found to 

increase the proliferation of prostate cancer cell lines (LNCaP, PC3 and DU145) in a 

dose dependent manner, being this effect additive with testosterone stimulation in 

LNCaP cells (72). On the other hand, it has been observed that prostate tissues show 

TSH immunoreactivity and that prostate cancer and normal cells of the prostate secrete 

TSH and/or TSH-like peptides (73, 74); however, to date no studies have been 

implemented to determine the direct effects of TSH on prostate cell function (Figure 6). 
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Figure 6 - Endocrine regulatory network comprising pituitary gland, testis, different 

adipose tissue depots (i.e. visceral and subcutaneous fat) and periprostatic adipose tissue. 
Prostate gland is regulated by multiple hormones including pituitary gland-derived hormones. 

They can act directly on the prostate cells through specific receptors (FSHR, LHR, PRLR, GHR 

and MC2) or indirectly (e.g. via testosterone produced by testis after LH and FSH stimulation). 

Similarly, GH and PRL can directly regulate adipose tissue metabolism, an endocrine organ 

responsible for the synthesis and secretion of multiple adipokines. Moreover, adipose tissue is 

responsible for the conversion of androgens to estrogens, which is crucial for prostate gland 

development. Indeed, estrogens, leptin, adiponectin and resistin, secreted by adipose tissue 

depots and/or periprostatic adipose tissue, may exert specific functions both in prostate and 

pituitary glands, since adipokines receptors are expressed in both glands.   
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1.4.2.- Endocrine control of the prostate and pituitary gland by the adipose 

tissue  

 

Besides to the clear role that different pituitary axes plays in the control of the 

prostate gland (patho)-physiology, it is now clear that other hormones/factors, produced 

and secreted by other endocrine organs, must be considered to explain those aspects of 

prostatic development/function that cannot be attributed to androgens, estrogens and/or 

pituitary hormones. Specifically, over the last years the adipose tissue has been 

recognized as an important endocrine organ that not only stores fat, but also produces 

and secretes factors and hormones, which control the regulation, metabolism, function 

and secretion of many endocrine-related organs/tissues such as the pituitary and prostate 

glands (75, 76).  

In this sense, it is now evident that the adipose tissue contributes to regulate 

several physiological functions such as energy balance, metabolism, food intake and 

appetite, immunity, inflammation, insulin sensitivity and resistance, blood pressure and 

reproduction, releasing several factors that have both local and systemic biological 

effects (14, 36, 77-97). In fact, adipose tissue is well-recognized as a site of androgen 

and estrogen synthesis, which, in turn, control prostate gland function (98). Specifically, 

androgens are converted to estrogens in adipose tissue, which is also a reservoir of 

steroids that act locally (in a paracrine and intracrine manner), systemically, or both, to 

exert multiple functions (98-100). But additionally, adipose tissue also produces a wide 

variety of heterogeneous signaling molecules, known as “adipokines”, including lipid 

species, cytokines, hormones, and growth factors (14, 36, 76, 86). These adipokines 

play a role in maintaining whole body homeostasis and health but, as will be indicated 

below, are also candidates for different pathologies associated with inflammatory state 

and obesity (76).  

Adipokines comprise a family of increasingly important factors, which includes 

leptin, adiponectin or resistin, that are involved in the multiple physiological functions 

mentioned above. To exert these actions, these adipokines act through specific receptors 

[i.e. leptin receptor (LEPR) and adiponectin receptors 1 and 2 (ADIPOR1 and 

ADIPOR2); resistin receptor(s) are not unequivocally identified yet (101-103)], which 

are widely expressed in many tissues and organs [including the prostate and pituitary 

glands wherein they seem to be involved in its regulation under normal and/or 
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pathological conditions (104-120)]. Interestingly, in addition to the adipose tissue (104, 

105, 121, 122), it has been demonstrated that some of these adipokines (and their 

receptors) are also expressed in other tissues/organs [i.e. leptin in brain, pituitary, 

adrenal gland, muscle, gastrointestinal tract, prostate, etc.; adiponectin in pituitary, skin, 

kidneys and skeletal muscle, prostate, etc.; and, resistin in bone marrow and lungs (104-

106)], suggesting that these adipokines systems represent relevant regulatory circuits to 

modulate numerous functions in multiple endocrine cell types (e.g. adipocytes, pituitary 

and prostate cells).  

In line with this, although certain studies have reported the connection between 

certain adipokines produced in different adipose tissue depots (i.e. leptin or adiponectin) 

and the function of different endocrine tissues such as the pituitary and prostate gland 

(123-125), the precise implication of adipokines on the modulation of anterior pituitary 

and prostate cells remains to be fully characterized (Figure 6). Specifically, the function 

of pituitary and prostate glands might be influenced by adipose tissue since these glands 

present considerable levels of the leptin and adiponectin receptors (111-118). 

Specifically, it has been demonstrated that exogenous treatment with leptin in female 

rhesus monkeys (Macaca mulatta) caused a rapid rise in LH concentration, which was 

followed by an increase in serum estradiol and advanced puberty (126). In addition, 

leptin was also associated with an elevation of GH secretion in this model (126). 

Similarly, adiponectin has been directly associated with GH pulse secretion in healthy 

men (127). However, to date, it remains to be proven whether the effects observed by 

these adipokines at the pituitary level are direct (Figure 6). 

On the other hand, limited information is available about the role of different 

adipokines on normal prostate cells; however, it has been clearly proven that 

periprostatic adipose tissues, which produces and secretes different adipokines (i.e. 

leptin and adiponectin), can directly influence the progression and aggressiveness of 

prostate cancer cells (128, 129). In fact, as will be mentioned in detail below, this 

association is even more evident under obesity conditions (130-132), which suggest that 

there might be an intimate relationship between periprostatic adipose and prostate 

cancer tissue. However, the causal relationship between obesity and malignancy is 

really complex and currently incompletely understood, being a subject of ongoing 

intense investigation (Figure 6). 
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1.4.3.- Reciprocal control of adipose tissue by prostate and pituitary glands  

 

It has been demonstrated that the adipose tissue can be also reciprocally 

modulated by pituitary and sexual hormones under normal and/or pathophysiological 

conditions, which further support the notion that multiple hormones/factors produced in 

the pituitary, adipose tissues and testis/prostate could be involved in a crucial feedback 

loop between these endocrine tissues. Specifically, androgens and estrogens have been 

shown to directly modulate adipose tissue function [i.e. influencing the proliferation of 

preadipocytes and the expression and secretion of adipokines (99, 133, 134)], as well as 

to influence body fat distribution and accumulation [i.e. men with androgen resistance 

due to an inactivation of AR show high visceral fat (135), and mice lacking AR develop 

obesity with increased lipogenesis in white adipose tissue (136, 137)].  

On the other hand, it is well-known that different pituitary hormones, especially 

GH, directly influence adipose tissue metabolism and function (138-141). Hence, 

adipose tissue is a well-established target of GH, and is altered in clinical conditions 

associated with excess, deficiency and absence of GH action by influencing different 

functional parameters in (142). Specifically, GH promotes the release of stored energy 

by increasing lipolysis and decreasing lipogenesis as well as influencing proliferation 

and differentiation of the preadipocytes (143). In fact, GH can drastically decrease 

adipose tissue mass, and a reduction in GH secretion can results in obesity (i.e. patients 

with GH deficiency exhibit marked increases in fat mass, primarily due to increased 

adipocyte volume, while adipose tissue mass is dramatically reduced in patients with 

acromegaly) (142, 144). Additionally, PRL has been also shown to influence adipose 

tissue function (i.e. suppressing lipid storage and adipokine release and modulating 

adipogenesis), but these effects seem to be less substantial than those of GH (Figure 6). 

In fact, although PRL receptor or GH receptor knockout models show impaired 

development of adipose tissue due to decreased number of adipocytes, the phenotype of 

GH receptor knockouts is more pronounced since exhibits major decreases in the 

number of adipocytes (145-147). 
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1.5.- Association between diet, obesity, caloric restriction and prostate 

cancer  

Obesity and high calorie diet have been linked to an increased risk and more 

aggressive characteristics of a number of serious health problems, including T2D 

diabetes, arteriosclerosis, ischemic heart disease, hypertension and also with several 

cancer types such as breast and prostate cancer (148-152); however, the mechanisms 

underlying the association between obesity/diet and cancer remain elusive. In fact, 

obese cancer patients have a higher death rate in comparison to their non-obese 

counterparts, with the increased death rate presenting for all cancers combined, 

regardless of whether obesity was a risk factor in the development of the specific cancer 

(153). In the case of prostate cancer, obesity is associated with an increased risk and 

aggressiveness for both benign prostate hyperplasia (BPH) and high-grade prostate 

tumors, which is possibly related to multiple factors (Figure 7), including chronic 

elevated insulin levels and insulin resistance, persistent local inflammation and, 

alterations in steroid hormones levels (i.e. clinical evidence shows that, in males, 

obesity is frequently associated with hypogonadism and vice versa; also, low 

testosterone levels have been considered a "hallmark" of metabolic syndrome in men) 

(132, 154-156). These last observations indicate that there is a strict connection between 

anatomically and functionally distinct cell types under normal, and especially under 

obesity conditions, such as adipocytes, Leydig and prostate cells, that synthesize and/or 

metabolize testosterone (100). In this sense, as previously mentioned, adipose tissue is 

able to control several functions of the testis/prostate through its products secreted in the 

bloodstream. On the other hand, circulating levels of testosterone and estradiol deeply 

affect adipocyte proliferation, differentiation, and fat mass distribution, hereby 

controlling critical metabolic functions, such as food intake, insulin sensitivity, etc. 

(100). 
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Figure 7 – Some potential mechanisms for obesity-related prostate cancer progression are 

represented. These mechanisms could include elevated insulin and IGF1, insulin resistance, 

low testosterone levels, hypogonadism and/or persistent local inflammation. 

 

On the other hand, dietary caloric restriction appears to have a beneficial effect 

on cancer progression, cancer therapy and even to help prevent tumoral malignancies. 

Thus, some studies have reported that the combination of caloric restriction along with 

anti-cancer drugs can enhance the suppression of tumor cells growth and enhance death 

of cancer cells (157-160). Moreover, in the TRAMP model for prostate cancer, 

intermittent calorie restriction was observed to increase survival time and delay prostate 

cancer detection (161). However, although it has been shown that one of the factors that 

could be underlying the association between caloric restriction and cancer might be an 

alteration in systemic IGF-1 levels (162), the molecular and cellular mechanisms of this 

association remain completely unclear. In this sense, the use of in vivo models have 

demonstrated that caloric restriction modulate tumor biology and induce decreases in 

the adipose tissue levels of several adipokines (149); however, whether the association 

between caloric restriction and cancer is mediated through the effects on adipocytes or 

due to other systemic factors remains unclear (149). 

In this sense, taking into account the plasticity of the adipose tissue, which is 

characterized by its capacity to adapt and expand in response to energy intake [e.g. 

tissue expansion in obesity through coordination of increased adipocyte size 

(hypertrophy) and/or number (hyperplasia)], it has been described that this tissue might 

contribute to paracrine interactions in the tumor microenvironment (124, 129, 149, 163). 

Moreover, accumulating evidence implicates the adjacent periprostatic adipose tissue as 

a major player in the progression of prostate cancer under normoweight and especially, 
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under obesity conditions. In fact, a previous pilot study has shown that periprostatic 

adipose tissue stimulates prostate cancer cell proliferation and angiogenesis, and that 

obesity intensifies this activity, thus generating a mechanistic hypothesis to explain the 

worse prognosis observed in obese prostate cancer patients (130). Moreover, other 

studies have shown that prostate cancer-associated adipocytes interact reciprocally with 

cancer cells and influence cancer progression (128, 163, 164).  

As mentioned before, adipokines secreted from adipocytes likely comprise a key 

component of the paracrine signaling in the tumor microenvironment. In fact, a role of 

adipokines in the aggressiveness of prostate cancer in obese males has been proposed. 

This hypothesis states that cancerous prostate cells from obese individuals have a 

disrupted metabolic status, as they are being exposed to elevated levels of adipokines, 

either via the circulation or in a localized manner through periprostatic fat. As a 

consequence of the abundance of obesity-related molecules, prostate cancer cell 

proliferation, differentiation, and angiogenesis can be promoted, worsening the 

pathophysiological outcome (124). In addition to adipokines, excess body fat leads to 

altered serum levels of hormones, such as testosterone and insulin, which also might 

play a role in prostate cancer progression (165). Interestingly, murine prostate cancer 

cells exposed in vitro to obese sera (which had high levels of different adipokines) 

provoked an increase in cellular invasion and migration, which might be one of the 

plausible mechanisms that correlates to prostate cancer aggressiveness in human cancer 

cells (166). Therefore, based on all these data, it is crucial that future studies are 

implemented in order to clearly elucidate the direct effects of different adipokines 

produced by the adipose tissue as well as other hormones altered under obesity 

condition, such as insulin and IGF1, on normal and tumoral prostate cells in order to 

clarify the pathophysiological basis of obesity and metabolic diseases. 

 

1.6 – Prostate cancer 

 

Prostate cancer (PCa) is the second most common cancer among male 

population and the fourth most common worldwide (167) (Figure 8). The reported 

incidence is higher in developed countries, likely due to the implementation of PSA 

screening (167). Specifically, the highest incidence in Europe is observed in Northern 
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and Western countries, but it is increasing in South and Eastern Europe, being the most 

common cancer in males (168). Despite the high incidence, a recent publication 

reported that prostate tumor has a good prognosis with a 5-year relative survival 

percentage of 83% (data from 2005-2007) (169).  

 

 

Figure 8 – List of the ten leading cancer types in terms of estimated new cases and deaths 

in United States for 2017. Particularly, prostate cancer represents the type of cancer with more 

estimated new cases and the third in estimated deaths among men. Adapted from (170). 

 

1.6.1. – Risk factors 

 

There are only a few accepted risk factors contributing to PCa: older age, ethnic 

origin (i.e. African-American men have the highest incidence rate) and heredity ∕ genetic 

predisposition (171-173). Specifically, the risk for first-degree relatives is about two 

times higher than for men in the general population (174). Additionally, it has been 

reported the association of HOXB13 gene with PCa risk, where the G84E mutation is 

present in about 5% of the cases (175). In the same line, BRCA2 mutations have also 
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been associated with higher PCa grade and worst prognosis; however, this relationship 

is still not fully confirmed (176). 

Besides the genetic predisposition, age and ethnicity, also hormonal changes and 

endocrine disrupters (177, 178), as well as oxidative stress and diet (179) have been 

associated with PCa risk. As mentioned before, obesity has been associated with 

prostate gland hyperplasia (180-182). This metabolic condition has become a focus of 

intense study in the last years since obesity represents one of the principal threats for 

global health (183). This condition is related with 15-20% of cancer incidence (184, 

185), including PCa development after a benign hyperplasic event (186), and also with 

PCa progression in obese individuals (187). Despite the association of obesity with PCa 

(184, 185), the relationship between high caloric/fat intake, tightly coupled to obesity 

(184, 188), and PCa development has not been fully elucidated (177, 189-191).  

Particularly, key metabolic systems such as the GH/IGF1/insulin axis and 

adipokines are altered in obesity, as previously referred, which might be important for 

prostate gland and other tissues function, physiology and homeostasis (192). Together 

with the alterations in circulating levels of GH (192), insulin (193, 194), IGF1 (195) and 

on insulin resistance (196), obesity has been reported to affect multiple endocrine 

tissues like the hypothalamus (197), pituitary (194), mammary gland (198), etc. and to 

be also associated with the risk of different types of cancer (132, 199, 200). Despite 

some studies have revealed an association between high levels of these hormones and 

PCa risk (26, 27, 201, 202), limited information has been reported about the direct 

effect of these regulatory systems in normal prostate glands or in benign prostatic 

hyperplasia [not considered to be a premalignant lesion but being the most common 

urological disease in men after 50-year-old (203)]. However, a growing body of 

evidence indicates that some of the component of the endocrine axis comprised by GH, 

insulin and IGF1 are locally expressed in the prostate gland and might play a relevant 

role in its pathophysiology (25, 201, 204, 205). In addition, leptin and adiponectin 

receptors have been also detected in prostate gland (121, 122), and some, but not all, 

studies have reported that leptin and resistin are associated with prostate cell 

proliferation, apoptosis and invasion (206-208). It has also been suggested that 

adiponectin could serve as a PCa biomarker since circulating adiponectin levels are 

reduces in PCa patients and associated with a greater risk to develop this pathology in 
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an adiposity degree dependent manner (209, 210), and that might act as a growth 

inhibitor in PCa cells (211)  

 

1.6.2. – Types and pathophysiology of prostate cancers 

 

PCa evolves from benign tissue to malignant lesion by acquiring, over time, 

several genetic alterations (DNA copy number variations, gene mutations, or 

chromosomal rearrangements), alterations in intracellular signaling (i.e 

Phosphoinositide 3-kinase pathway, MAPK kinase pathway), epigenetic changes (DNA 

methylation, histone modification or miRNA dysregulation) and other key molecular 

alterations (i.e. aberrant alternative splicing), etc. (212-214). Hence, most PCa tumors 

are adenocarcinomas (around 90%) with a typical luminal phenotype common to other 

epithelial cancers with loss of the basal layer (215). Prostate adenocarcinomas express 

AR and lack the expression of other markers of basal cells such as CK5, CK14 and p63 

(216).  

PCa origin is commonly multifocal, since about 80% of tumors contains >1 

disease focus (217), and each of those may harbour different molecular alterations 

(218), which emphasize the intra-tumoral complexity and heterogeneity of PCa. In this 

sense, rare types of PCa are ductal carcinoma, mucinous PCa, prostate sarcomas, signet 

ring cell PCa and neuroendocrine tumors (small- and large-cell PCa) (215). The 

frequency of neuroendocrine PCa tumors is low (<2% of total PCa) (219) but normally 

behave very aggressively, since they cannot be detected by PSA screening (there is no 

expression of AR or PSA in neuroendocrine cells), and, therefore, many patients are 

diagnosed in an advanced stage of the disease (220, 221). In fact, neuroendocrine cell 

differentiation is a process that helps the tumor to keep growing and bypass the 

castration-hormonal therapy (221). 

Growth of adenocarcinomas is androgen-dependent, and therefore, endocrine-

based therapies are targeted towards lowering serum androgens and/or inhibiting AR 

activity, normally known as androgen deprivation therapy (ADT) (222, 223). Due to the 

PCa complexity, it is necessary to differentiate between the events that occur in an early 

phase of the disease (localized PCa), probably driving the development and progression 

of the disease, and those events that occur in a late phase, which take place after the 
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patient has gone through heavy ADT to control the progression of PCa [CRPC 

(Castration Resistant PCa) or metastatic CRPC] (223-227). Hence, ADT by using anti-

androgens and/or GnRH analogs is the gold standard of therapy for locally advanced 

PCa, metastatic PCa, and biochemically recurrent disease after the lack of success of 

localized treatments (228, 229). ADT is known to provide remission for a time (24-36 

months) of the disease, accompanied with PSA decline (230). However, the disease 

progresses despite continuous hormonal therapy and PSA levels increase again 

eventually (biochemical recurrence, known as CRPC) (228, 230). To date, there is no 

successful cure for metastatic CRPC, which presents a mean survival time of only 16–

18 months (230).  

The molecular complexity of primary PCa is remarkably high, and it has been 

proposed that 74% of the primary PCa fall into one of seven subtypes defined by 

specific gene fusions (ETS genes with AR-regulated genes) or mutations (SPOP, 

FOXA1 and IDH1) (224). In contrast, a significant subset of PCa tumors (26%) are 

driven by unknown molecular alterations (224). Androgen signaling is the most relevant 

pathway in both primary and advanced PCa (223, 224, 226), and PCa growth is 

androgen dependent. Although in early stages of the disease the AR gene or its protein 

product are not altered, many of its cofactors (i.e. NCOA2, NRIP1) or AR-regulated 

genes are also involved in the appearance of PCa (225). 

 

1.6.3. – Diagnostic and pathologic evaluation of prostate cancer 

 

Most of the prostate tumors are diagnosed during PSA (prostate specific antigen) 

screening and/or digital rectal exam (231). Thanks to the PSA screening, almost 80% of 

PCa patients have tumors located in the prostate without metastasis at the time of the 

diagnosis (232). If certain symptoms or the results of PSA detection test are clearly 

positive, then a prostate biopsy is required. Accordingly, a core needle biopsy by 

transrectal ultrasound -guided biopsy is the main method used to diagnose PCa (231). In 

biopsy specimens, adenocarcinoma diagnosis can be confirmed by the absence of 

immunostaining using p63 and cytokeratin 5/14 antibodies, both of which detect basal 

cells (233). In addition, the sample will be evaluated for the presence and grade of the 

tumor (according to the Gleason system) and also diagnosed by the status of their 

primary tumors (234). Unlike most of the solid tumors, some biomarkers have been 
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typically employed in PCa detection. In this sense, although PSA has been selected as 

the standard marker for the diagnosis of PCa in clinical routine, its value for the 

diagnosis/prognosis of PCa is controversial, and in many cases, leads to overdiagnosis 

and treatment of indolent cancer that produces more harm than good in the patient (235, 

236). Therefore, it is widely accepted that new PCa biomarkers should be identified to 

target unmet clinical needs in PCa management, including: 1) risk indicators for disease 

with low PSA values (<10 ng/ml); 2) prognostic markers to distinguish indolent from 

aggressive disease; and 3) biomarkers for metastatic cancer (237).  

 

Pathologic evaluations of prostate cancer is based on Gleason grading (238). 

This system has evolved since 1966 and, recently, it has been modified with a new 

system already accepted by the World Health Organization for the 2016 (WHO 2016) 

edition of Pathology and Genetics: Tumours of the Urinary System and Male Genital 

Organs (239). The Gleason system is based on the glandular pattern of the tumor as 

identified at relatively low magnification. It comprises from 1 to 5, with 1 being the 

most differentiated and 5 being the least differentiated (Figure 9). Specifically, Gleason 

score (GS) of biopsy-detected PCa comprises the Gleason grade or the most extensive 

pattern (primary pattern), plus the second most common pattern (secondary pattern), if 

two are present. If one pattern is present, it needs to be doubled to yield the GS. For 

three grades, the GS comprises the most common grade plus the highest grade, 

irrespective of its extent (240). However, due to its misleading clinical implications, 

Gleason score of 1 + 1 = 2 should not be rendered (regardless of the specimen type), 

and GS 2–4 should rarely be rendered in needle biopsies. Therefore, from a practical 

standpoint, Gleason pattern in contemporary practice starts at 3 and GS starts at 6 in 

prostate biopsy specimens and most transurethral resection of the prostate (TURP) and 

radical prostatectomy specimens (241, 242). 
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Figure 9 - Representation of prostate cancer development. Grade 1 (well differentiated), 

circumscribed mass of evenly spaced, closely packed, uniform shaped glands, with no evidence 

of infiltration of the stroma; Grade 2 (well differentiated), some infiltration into the 

surrounding stroma and more variation in gland size and spacing, although this was limited; 

Grade 3 (moderately differentiated), most common grade with more variation in size, shape, 

and separation of the glands, less defined boundaries, and less intervening stroma; Grade 4 

(poorly differentiated), fusion of the glands forming a solid anastomosing network with a 

ragged invasive edge; Grade 5 (undifferentiated), characterized by a complete absence of gland 

formation with sheets or clusters of cells. Adapted from (243)  

 

1.6.4. – Treatment  

 

PCa treatment that is specifically selected for each individual depends on several 

parameters such as the clinical stage, Gleason Grade, and patient preference (244). 

Specifically, radical prostatectomy, external-beam radiotherapy and brachytherapy are 

nowadays the most frequent treatments for localized PCa (173, 245). The radical 

prostatectomy procedure consists in the extraction of the entire prostate gland along 

with sufficient surrounding tissue to ensure negative margins in order to eradicate the 

disease, preserving the continence and potency (246). However, this method is not 

appropriate for advanced PCa due to the high probability of finding positive margins 

and lymph nodes metastases (247, 248). In this sense, the first therapeutic approach for 

patients with metastatic CRPC is the androgen suppression by castration (both chemical 

or surgical) and antiandrogen signalization drugs (173) such as abiraterone and 

enzalutamide (249, 250). Unfortunately, at some point, most of the patients become 

CRPC, also known as androgen independent tumors, and in this scenario the treatment 
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option are very limited (251). Despite these available options, the economic cost and 

side effects of the CRPC therapies are high, and resistance to treatments is still a big 

issue.  

 

1.7. – Metformin as a novel therapeutic target for prostate cancer 

 

Since 2011, metformin, a first-line oral anti-diabetic drug commonly used to 

treat type 2 diabetes (T2D), became focus of interest in the oncology field (252-254). 

Although in the general population there are no significant side effects of this drug 

(255), it has been recently reported that 25% of the patients present gastrointestinal side-

effects and 5% do not tolerate this drug. Nevertheless, these are interindividual, and not 

common, side-effects (255, 256). Notably, overall available data support the potential 

dual benefit of metformin on ADT-induced metabolic syndrome and in its 

antineoplastic activity in PCa (253, 257, 258), justifying the need for ongoing clinical 

trials to confirm these therapeutic effects and experimental studies to determine the 

cellular and molecular mechanisms by which metformin exerts these actions in PCa 

cells.  

Particularly, recent retrospective clinical studies in PCa patients indicate that 

metformin treatment is associated with lower incidence as well as recurrence of prostate 

cancer in T2D patients (259, 260). This is consistent with previous studies 

demonstrating that metformin can reduce PCa growth in in vivo xenograft mouse 

models (261). In addition, some in vitro approaches have demonstrated the beneficial 

effect of metformin on PCa cells growth (262-268). In this sense, metformin is thought 

to exert its anti-cancer effect via two mechanisms, directly by acting on the tumour, and 

indirectly by lowering systemic insulin levels (257). Specifically, it has been reported 

that the direct (insulin-independent) effects might be, in part, exerted via the energetic 

stress caused by the alterations of AMP/ATP ratio due to the inhibition of the 

mitochondrial complex I and the consequent activation of the enzyme 5' adenosine 

monophosphate-activated protein kinase (AMPK) (269). This enzyme is an energy 

sensing/signaling protein that is a central control point for maintaining energy 

homeostasis, which detects an increase in the ratio of AMP to ATP secondary to cellular 

stresses (e.g. glucose deprivation, hypoxia, and oxidative stress) (270). In fact, 

activation of AMPK leads to downstream inhibition of mammalian target of rapamycin 
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complex-1 (mTORC1) signaling, and activation of the tumour suppressor tuberous 

sclerosis complex 2 (TSC2, tuberin) (271), which cause the subsequent inhibition of the 

mTOR (a key mediator of the phosphatidylinositol-3-kinase/protein kinase B/Akt 

signaling pathway, that is one of the most frequently deregulated pathways in human 

cancer) (272).  Additionally, inhibition of the Krebs cycle may have further direct 

effects on other metabolic pathways such as lipid synthesis and beta-oxidation that are 

known to be important in PCa metabolism (273).  

The indirect (insulin-dependent) actions of metformin possibly occur via 

inhibition of hepatic gluconeogenesis. Specifically, activation of AMPK in the liver 

leads to inhibition of the transcription of key gluconeogenesis genes, and stimulates 

glucose uptake in muscle, thus reducing fasting blood glucose and insulin levels (270). 

Insulin is known to have mitogenic and pro-survival effects, with tumour cells often 

expressing high levels of the insulin receptor. High insulin levels are known to be an 

adverse prognostic factor for a number of cancers, including PCa (274), and metformin 

has been shown to be able to lower systemic insulin levels, even in non-diabetic patients 

(275). Reduced circulating insulin leads to a subsequent down-regulation of the 

phosphoinositide-3-kinase (PI3K) pathway, which has been shown to be involved in 

growth, proliferation, differentiation, and motility, and following the AR pathway is the 

second major driver of PCa growth.  

In the case of PCa, it is still unknown which mechanism(s), direct (insulin-

independent) or indirect (insulin-dependent), predominates but it is likely that both 

pathways provide anti-cancer benefits. In fact, despite the anti-tumoral effect of 

metformin observed in retrospective and experimental studies, the direct action of this 

drug has not been fully elucidated in different metabolic conditions such as obesity or 

high fat diet (two conditions strongly associated with PCa, as previously referred). 

Moreover, the effect of this drug in non-obese or metabolic healthy models with PCa is 

still poorly known. Therefore, further research should be implemented to better clarify 

all these details in PCa cells. 
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1.8. – Animal models to study human prostate and pituitary gland 

physiology 

 

1.8.1. – Mice as model to study human prostate pathologies. 

 

The prostate anatomy differs among different mammal species, despite the 

morphogenesis is very similar (276). Particularly, mice prostate consists of four distinct 

lobes, while human prostate gland presents only one lobe (277, 278). Nevertheless, 

despite human prostate gland does not present different lobes, it contains three different 

zones (peripheral, central, and transition zones) and a stroma region (279). In fact, 

although both species present morphologic differences, they exhibit similar physiology 

and cellular characteristics. Specifically, luminal cells from mice and humans present 

the same molecular markers (e.g. cytokeratin 5, 8 and 18, AR and p63 protein) (279); 

however, human, but not mice, prostate glands secrete PSA (280), which is actually 

used for prostate cancer diagnostic in human. Indeed, the comparison of mouse and 

human prostate anatomy and disease by the "Mouse Models of Human Cancers 

Consortium - Prostate Pathology Committee" demonstrates  significant differences and 

considerable similarities, but no clear evidences were found when comparing the mouse 

prostate specific lobe or lesions that are the most similar to the human prostates (281, 

282). In fact, the different states in prostate cancer evolution are comparable between 

human and mouse. Specifically, the initial prostatic intraepithelial neoplasia (PIN) in 

human and mouse prostate is characterized by atypical proliferation of epithelial cells 

inside the gland or duct, and can result in high grade PIN leading to a carcinoma. (283). 

Therefore, for translational research to humans, the use of whole prostate gland for in 

vivo or in vitro (primary cell cultures) studies are considered suitable tools to study 

alterations in mouse prostate glands and to determine the effects of different 

peptides/hormones (that cannot be evaluated in healthy human subjects). 

 

1.8.2. – Non-human primate as models to study pituitary physiology 

 

To date, most of our understanding of the control of pituitary hormone secretion 

and its regulation has been generated with the use of laboratory rodents and human 

(patho)-physiological samples (fetal and tumoral cell cultures) (118, 125, 284-299). In 
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spite of the wealth of knowledge gathered about regulation of pituitary hormone release 

with these models, there are still a number of aspects of regulation of pituitary 

physiology that remain unclear (i.e. direct effects of different adipokines). In this 

scenario, some non-human primate models could supply normal and experimentally 

altered pituitaries to ascertain direct actions of regulators of pituitary hormone release 

(300, 301). Moreover, these samples might reproduce (patho)-physiological conditions 

or indicate specific regulation of primate lineage that could not be determined with the 

use of other models. Accordingly, results obtained with the use of non-human primate 

models have been used for translational research to humans (300, 301). However, the 

choice of a good primate model needs validation of the presence and composition of 

regulatory systems in the pituitary. In this regard, comparison of sequences of mRNA 

and predicted proteins of primate with that of humans would indicate the similarity 

between these models. Furthermore, it is important to keep in mind that an experimental 

approach using pituitary cells (primary pituitary cell culture conditions vs. in vivo 

conditions) should not alter expression of the regulatory system present in these 

pituitary cells. In this sense, non-human primate models that fulfills all these features 

are the olive baboon (Papio Anubis) and the long tailed or crab eating macaques 

(Macaca fascicularis), which have been used in previous reports to analyze pituitary 

physiology (302-309). Therefore, the high fidelity at genomic, proteomic and 

physiological levels shared by these models with humans, together with the in vivo and 

in vitro conservation of the pituitary regulatory systems, makes these two primate 

models suitable tools to study the effects of different peptides/hormones on specific 

pituitary hormone function, which cannot be evaluated in healthy human subjects. 

Altogether, baboons and macaques can be considered valuable, useful non-human 

primate models to study normal, non-pathological human physiology (310-313).
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During the last years, numerous research groups have dedicated much of their 

efforts to study the endocrine control of the prostate gland under normal and 

pathophysiological conditions, focusing primarily on the role of steroid hormones and 

the hypothalamic (GnRH)-pituitary (LH)-testis (testosterone) axis. However, although 

steroid hormones, especially androgens, play a leading, essential role in this context, 

they are not sufficient to induce the normal growth of prostate gland or to enable its 

normal function. Therefore, it is now increasingly clear that the endocrine control of 

prostatic pathophysiology is not as simple and straightforward as originally envisioned, 

as it likely involves additional factors produced by multiple endocrine-related organs, 

including the prostate itsel, which would provide important additional clues and 

regulators of prostatic cell function, and, therefore, must be considered to explain key 

aspects of prostatic development and function that cannot be solely attributed to 

androgens. Moreover, this endocrine control becomes even more complex under a high 

caloric diet and/or obesity conditions, which have been linked with a disruption in the 

metabolic conditions of many endocrine tissues and to an increased risk and more 

aggressive characteristics of prostate cancer (PCa), as endocrine cells are being exposed 

to elevated levels of multiple obesity-related hormones, such as insulin/IGF1. In this 

sense, over the last years the adipose tissue, which is capable of expanding many-fold 

during obesity, has been recognized as an important endocrine organ that not only stores 

fat, but produces and secretes factors and hormones (known as “adipokines”), which 

might control the regulation, metabolism, function and secretion of many endocrine-

related organs and tissues such as the pituitary and prostate glands, However, the 

precise implication of different adipokines, as well as other hormones altered under 

obesity conditions (i.e. insulin and IGF-1), on the modulation of anterior pituitary and 

prostate cells remains to be fully characterized.  

Based on the information mentioned above, the main objectives of this 

dissertation were:  

1) To explore the direct effects that different obesity-related hormones produced 

by diverse endocrine tissues (e.g.: adipose tissue, liver and pancreas) could play on 

normal and tumoral prostate cells, in order to clarify the pathophysiological 

association between obesity and PCa;    

2) To determine the potential antitumoral effects of metformin on PCa 

progression and aggressiveness using in vitro and in vivo models, and the relative 

contribution of a high-fat diet to these tumoral features of PCa, in vivo; and,    
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3) Given the role played by different pituitary hormones (i.e. LH, PRL and GH) 

in the control of the prostate gland (patho)-physiology, and that the pituitary gland 

expresses significant levels of different adipokine receptors, we also sought to 

determine the direct effects that selected adipokines exert on the function of all the 

anterior pituitary cell types from primates. 

 

To achieve these main objectives, we proposed the following specific objectives: 

1. To characterize the expression levels of different components of the leptin, 

adiponectin, and resistin systems, as well as the direct actions of these 

adipokines on different functional endpoints and signaling pathways, in 

normal (mouse) and tumoral (human) prostate cells, and to study the 

regulation of these systems under extreme metabolic conditions (i.e. obesity 

and fasting). 

2. To establish the impact and regulatory effects of different adipokines on the 

functioning of all anterior-pituitary cell types in primary pituitary cell cultures 

from two non-human primate species (Papio anubis and Macaca fascicularis), 

and to elucidate the intracellular signaling pathways mediating these effects. 

3. To evaluate the impact of other obesity-related hormones such as insulin and 

IGF1 on different functional endpoints using normal (mouse) and tumoral 

(human) prostate cells  

4.  To study the influence of diet-induced obesity on prostate gland insulin 

management (resistance), and on gene expression profile of the components of 

the GH/IGF1/insulin systems at the prostate gland level.  

5. To analyze the association between a high-fat diet (HFD) consumption, 

independently of obesity and its associated endocrine metabolic alterations, 

with the progression and/or aggressiveness of prostate cancer in vivo, 

compared with a low-fat diet (LFD) consumption. 

6. To determine the potential antitumoral effects of metformin in vivo and in 

vitro on the progression and aggressiveness of prostate cancer cells, and 

whether the in vivo effects of metformin are similar under HFD (independently 

of obesity) and LFD conditions, identifying the precise cellular and molecular 

mechanisms underlying these potential in vivo associations and effects under 

these diet conditions. 
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In spite of the wealth of knowledge gathered to date on the regulation of the 

function of prostate cells in some mammalian species (mainly humans and mice) under 

normal and pathophysiological situations, there still remain a number of actions and 

players in the systems (known or unknown) controlling prostate function under normal 

physiological and pathophysiological conditions that are uncertain and/or undiscovered. 

Indeed, finding new and/or rare functions for known regulators, as well as discovery of 

novel players and functions should not be unexpected but natural, since there is a 

number of redundant, complementary and compensatory systems in the organism that 

ensure the precise control and the proper physiology of the endocrine axes and might 

conceal the unknown and atypical actions carried by those signals and many new factors 

yet to be discovered. In the aim of unveiling the regulatory actions produced by such 

specific signals on prostate gland axis, and of helping to better understand some 

physiological phenomena under normal or pathological conditions (i.e. obesity and 

cancer) associated to adipokines (letin/adiponectin/resistin) and GH/IGF1/insulin 

systems, we employed several animal models and state-of-the art methodologies that 

generated the results included in the following studies, which have been structured in 

four chapters, corresponding to four related scientific manuscripts (3 accepted 

manuscripts in top ranking journals of the “Multidisciplinary Sciences”, “Medicine 

Research & Experimental” and “Oncology” fields, and one under second revision in the 

“Endocrinology” journal). 

 

3.1 – Adipokines and their receptors are widely expressed and 

distinctly regulated by the metabolic environment in the mouse 

prostate gland, wherein they play a role in regulating prostate cell 

function under normal and tumoral conditions (Article I: submitted) 

 

Adipokines have been demonstrated to play relevant roles in the modulation of 

several physiological and pathological conditions (14, 36, 314-316). Indeed, these 

hormones [adiponectin (317, 318), leptin (319-321) and resistin (208, 322)] have been 

shown to impact PCa development and/or progression and their receptors have been 

shown to be expressed in PCa cells [i.e. Adipor1/2 in TRAMP mice prostates (323) and 

Lepr in mice PCa cell lines (324)], wherein they are associated with prostate tumor 

development (120, 325).  
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In this study, we firstly aimed to systematically analyze, for the first time, the 

expression pattern of all the component of adiponectin, resistin, leptin systems [i.e. 

ligands and their identified receptors (Lepr and Adipor1 and Adipor2)] in prostate gland 

tissues under normal and extreme metabolic conditions (obesity and fasting) as well as 

in normal prostate cell cultures. In this sense, in contrast with the well-known 

expression of these adipokines and receptors in some endocrine-related tissues, to date 

only Lepr, Adipor1 and Adipor2 (but not the ligands) have been reported to be 

expressed in normal prostate glands from human and mice (104, 105, 121, 122). Our 

data confirm these previous results indicating that leptin and adiponectin receptors are 

expressed at the prostate gland level and show, for the first time, that normal prostate 

gland tissues and cell cultures also expresses leptin, adiponectin and resistin mRNA 

levels at different levels. Interestingly, we found that resistin was the most abundantly 

expressed adipokine followed by adiponectin, whereas the expression of leptin was 

almost undetectable (i.e. close to the detection limit of the qPCR). Remarkably, the 

expression of resistin and adiponectin in prostate glands was also confirmed at the 

protein level. Moreover, comparison of the expression levels of the adipokine receptors 

revealed that Adipor1 is the variant predominantly expressed in PG tissues and cell 

cultures (i.e. absolute mRNA copy number of Adipor1 >> Adipor2), and that Lepr was 

expressed at lower levels than Adipor1/2. This observation compares favorably with 

previous reports indicating that Adipor1 is the predominant adiponectin receptor 

expressed in endocrine-related tissues such as pituitary, and in muscle (292, 326). 

Although the actual (patho)-physiological role of our results is still unknown, these data 

would support the notion that an autocrine/paracrine circuit involving the adipokines 

and their receptors may operate directly at the PG level, which might have important 

(patho)physiological implications. In favor of this notion are the previous data 

indicating that receptor for leptin and adiponectin are also expressed in PCa cells and 

that leptin, adiponectin, resistin and their identified receptors might have important roles 

in the development and progression of PCa (208, 327). Therefore, to the best of our 

knowledge, the present report provides the first systematic analysis and comparison of 

the levels of expression of different components of the leptin, adiponectin and resistin 

systems in normal prostate gland tissues and in cell cultures. 

We also analyzed and compared the expression of these adipokine system in 

prostate glands of mice under extreme metabolic conditions such as obesity and fasting, 
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as compared to control mice under normal-fed conditions. Our results revealed a lack of 

effect of fasting on the expression of adiponectin and resistin in prostate glands, while 

expression of both adipokines was (or tended to be) reduced under obesity conditions 

(at the mRNA and/or protein levels). The fact that obesity is associated with high 

circulating levels of resistin and leptin, together with the findings that these adipokines 

can directly downregulate adiponectin and/or resistin expression in vitro using prostate 

gland cell cultures, lead us to suggest the possibility that an autocrine, paracrine and/or 

endocrine negative feedback loop exerted by these adipokine systems might operates in 

prostate glands under obesity conditions, which might be relevant from the (patho)-

physiological point of view. In line with this, it has been previously suggested that 

obesity could promote the progression of PCa and that different adipokines may provide 

a molecular mechanism whereby obesity exerts its effects on prostate tumor biology 

(124, 328).  

In line with the previous results, we found that treatment with leptin and resistin 

(which are both increased in obesity) in normal prostate cells significantly increase the 

expression of different proliferation markers associated with PCa aggressiveness [i.e. 

Ki67, c-Myc and p53 (329, 330)]. Moreover, in vitro treatment with leptin, adiponectin 

and resistin significantly increased the proliferation rate and/or migration capacity of the 

RWPE-1 cells, a normal human prostate-derived immortalized cell line. All these 

observations further support the notion for a direct association between alteration(s) in 

the local and/or circulating levels of different adipokines in obesity and altered behavior 

(increased aggressiveness) of prostate cells. In fact, one further step that further 

confirms this idea are the results showing that the treatment with resistin in two PCa cell 

lines, one androgen-dependent (LNCaP) and another androgen independent (PC3), 

significantly increased the proliferation rate of both PCa cell lines, while leptin 

enhanced (and adiponectin tended to) the proliferation capacity of LNCaP cells. 

In terms of adipokine receptors at the prostate gland level, we found that 

Adipor1 and Adipor2 were not altered under obese conditions but were upregulated after 

a short-term fasting period (12-h), which is in line with previous report showing similar 

results in liver and skeletal muscle tissue (331). Interestingly, these results could be of 

particular relevance as adiponectin improves insulin sensitivity (87), which could 

suggest that these changes occur during fasting to improve glucose uptake. In addition, 

taking into account the hormonal changes associated with the different metabolic 
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conditions (mouse models) used herein, and the in vitro evidence provided in this study, 

we could speculate that the reduction of circulating insulin (331), leptin and/or resistin 

(332-334) occurred during fasting, could lead to a higher sensitivity of the prostate 

glands by the upregulation of both adiponectin receptors. In contrast, the expression of 

these two receptors was not altered in obesity, as it is observed in other tissues like 

liver, skeletal muscle or adipose tissue (104, 105, 121, 122) suggesting that these 

changes are only observed under fasting conditions. Moreover, the expression of Lepr 

was not significantly altered in fasting or in obese conditions, which is consistent with 

previous studies implemented in other rat tissues (197).  

Finally, the results presented herein also demonstrate that, at the prostate gland 

level, some adipokines can exert clear functional roles and that these systems display an 

ample landscape of homologous and heterologous regulations. Thus the treatment with 

these adipokines activated relevant signaling pathways, and modulated the expression of 

other adipokines and their receptors, as well as the expression of various proliferation 

markers. In particular, leptin increased the levels of phosphorylated ERK1/2, which was 

accompanied by a down-regulation of endogenous resistin and by an increase in the 

expression of Adipor1 and p53 in normal primary prostate cell cultures. Moreover, 

leptin was able to enhance proliferation and migration on the normal prostate RWPE1 

cells and the proliferation of the tumoral LNCaP cells. Likewise, although an specific 

resistin receptor has not been identified yet (103) and its presence in prostate gland cells 

cannot be confirmed, resistin was able to reduce its own expression as well as the 

expression of adiponectin and Adipor2, while it clearly increased the expression of 

various proliferation markers associated with aggressiveness in normal primary prostate 

cell cultures (i.e. Ki67, c-Myc and p53) (329, 330), and also significantly increased the 

proliferation and migration capacity of the normal prostate RWPE1 cells and the 

tumoral LNCaP and PC3 cells. In contrast, adiponectin treatment did not alter any of 

proliferation markers analyzed in this setting but, was able to increase the proliferation 

and migration of the normal (RWPE1) but not tumoral prostate cells. Accordingly, these 

direct actions, together with the local expression of adipokines and/or receptors in 

normal (present study) and tumoral (previous studies) (208, 327) prostate glands, further 

support the notion that an autocrine/paracrine and/or endocrine effect (i.e. a feedback 

regulatory loop) of some of these adipokines might operate in prostate gland cells, 
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which could be especially relevant under extreme metabolic conditions (especially in 

obesity or in PCa).  

 

3.2. – Direct effects of different adipokines on the function of all 

anterior-pituitary cells of non-human primates (Article II: published in 

Scientific Reports ) 

 

Given the role that different pituitary hormones (i.e. LH, PRL and GH) play in 

the control of the prostate gland (patho)-physiology (44, 45, 56, 58) and, that the 

pituitary gland expresses significant levels of different adipokine receptors (104-107, 

110-112, 115, 117), we sought to analyze the direct effects that different adipokines 

(leptin, adiponectin and resistin) exert on the function of all the anterior pituitary cell 

types. To that end, we used primary pituitary cell cultures of two non-human primate 

models available at the University of Illinois at Chicago (female baboons and 

macaques). Specifically, we firstly carried out a dose-response experiment (4h-

incubation) with leptin, adiponectin and resistin in primary pituitary cell cultures from 

baboons and measured GH and LH secretion. Treatment with these adipokines directly, 

and differentially, regulated basal GH, but not LH, secretion, namely, leptin and resistin 

stimulated, whereas adiponectin decreased basal GH release. However, only leptin 

exerted its effects in a dose-dependent manner, being 10ng/ml the most effective dose. 

On the opposite, adiponectin and resistin did not induce a dose-dependent effect, as all 

the doses tested caused a similar regulation on GH secretion. These observations are in 

accordance with early reports showing that leptin (290, 293, 295) and resistin (292, 335) 

enhance, while adiponectin inhibits (292, 335), GH release from pituitary cell cultures 

of non-primate species. According to our results, the doses of 10ng/ml of leptin, 10nM 

of adiponectin and 0.1nM of resistin (the lowest doses that caused maximal effects on 

GH secretion) were selected for further analyses. 

We next evaluated the interaction of leptin, adiponectin and resistin with 

primary regulators of somatotrope function [i.e. GHRH (10nM), ghrelin (10nM) and 

somatostatin (SST; 100nM);]. As previously observed (in this study) or reported [in 

previous studies (304, 336-338)], leptin, resistin, GHRH and ghrelin alone stimulated 

GH release in baboon primary pituitary cell cultures, whereas adiponectin decreased and 

SST tended to decrease basal GH secretion. Notably, comparison of the stimulatory 
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effect of leptin or resistin with GHRH or ghrelin revealed that the effects of these two 

adipokines were slightly, but significantly, less intense than that evoked by GHRH or 

ghrelin. Interestingly, co-incubation of leptin or resistin with GHRH and ghrelin did not 

alter the stimulatory actions of GHRH or ghrelin on GH secretion from baboon primary 

pituitary cell cultures, suggesting that leptin and resistin could trigger common 

intracellular signaling pathways with GHRH and ghrelin to stimulate GH release.  

We also demonstrated that SST is capable to directly block the stimulatory 

actions of leptin and resistin on GH release, which might suggest the existence of a 

putative association between SST levels and the leptin- and resistin-induced GH release 

at the pituitary level. In direct support of this notion, a previous study showed that the 

direct stimulatory actions of leptin on GH secretion required a reduction in the SST tone 

from porcine cultured median eminence-pituitaries co-incubated with the anterior 

pituitary cells (290). Interestingly, adiponectin was able to fully block the stimulatory 

actions of GHRH, but not ghrelin, on baboon GH secretion. Moreover, in support of this 

observation of the specific inhibitory effect of adiponectin on the actions of GHRH, but 

not ghrelin, is also the fact that adiponectin treatment was able to significantly reduce 

the expression of baboon GHRH, but not ghrelin, receptor. When viewed together, these 

results reinforce the idea that the control of GH secretion from the pituitary is a very 

complex and dynamic process, where multiple hypothalamic and systemic regulators 

(i.e. GHRH, ghrelin, SST, insulin/IGF1, glucocorticoids, etc), together with different 

adipokines (i.e. leptin, adiponectin and resistin) contribute to finely regulate GH 

secretion from somatotropes, which can thereby act as a metabolic sensor of the body, 

detecting precise levels of fat stores (i.e. elevated in obesity and reduced in fasting or 

caloric restriction), and responding to optimize body composition (e.g. GH levels 

decline in obesity and rise during fasting or caloric restriction). 

We next explored and compared the actions of leptin, adiponectin and resistin on 

the secretion of the all the anterior pituitary cell types in baboon cell cultures at different 

periods of incubations. Specifically, we found that a 4h-incubation with: 1) leptin 

increased GH, PRL, ACTH and FSH but did not alter LH or TSH release; 2) 

adiponectin decreased GH and ACTH, increased PRL and did not modify FSH, LH and 

TSH secretion; and 3) resistin increased GH and ACTH but did not alter PRL, FSH, LH 

or TSH release. Interestingly, our data also revealed that only the stimulatory effect of 

leptin on GH, PRL and ACTH release was maintained after 24h of incubation, and that 
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maximal hormone release was already achieved after 4h of incubation, which might 

suggest that leptin could exert its actions on hormonal secretions through different 

signaling pathways than those involved in the effects of adiponectin and/or resistin. 

Moreover, further support for a direct positive involvement of leptin signaling on the 

regulation of GH, FSH and PRL expression and/or secretion is provided by reports 

showing that mutants mouse models lacking leptin receptor specifically from 

somatotropes (123) or gonadotropes (339) had reduced mRNA and/or serum levels of 

GH, FSH and/or PRL, and that the selective reexpression of leptin receptor in 

gonadotropes increased FSH levels and improved fertility of leptin-receptor null female 

mice (340). Altogether, the data of this study and the previous reports suggest that 

pituitary leptin signaling might act as a key autocrine/paracrine component that could 

contribute to the fine regulation of somatotrope, lactotrope and gonadotrope function.  

Nonetheless, in the present work, we demonstrate for the first time that leptin, 

adiponectin and resistin are able to directly regulate specific populations of anterior 

pituitary cells from a non-human primate species (i.e. somatotrope, lactotrope and 

corticotrope, but not thyrotrope, cells, while gonadotrope cells were only regulated by 

leptin in terms of FSH, but not LH, release). Interestingly, the effects of leptin and 

resistin on the regulation of pituitary hormonal secretions were always stimulatory; 

however, we found that adiponectin was capable to oppositely regulate the function of 

different pituitary cell types, in that it inhibited somatotrope and corticotrope but 

stimulated lactotrope function. Notably, we also demonstrated that these effects 

followed a similar regulatory pattern on the pituitary cells of another primate model (i.e. 

macaques) since leptin, adiponectin and resistin exerted the same effects on all the 

anterior pituitary hormonal secretions in primary pituitary cell cultures from macaques 

and baboons, with the exception of a trend (non-statistically significant) in the increase 

in FSH release in the macaque cell cultures. Overall, our data demonstrate that the 

effects of leptin, adiponectin and resistin are conserved across the two primate models 

analyzed in this study, two species that closely model human genetics and physiology 

(300, 301). Therefore, based on these results, it is tempting to speculate that these 

adipokines may exert similar effects in the anterior pituitary cells of humans. 

In addition, our data indicated that the observed stimulatory effects of leptin on 

baboon GH, PRL and ACTH secretion might be directly associated to an increase in the 

expression of these hormones [i.e. GH, PRL and proopiomelanocortin (POMC; the 
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ACTH precursor)]. Moreover, we also found that leptin did not alter FSH, LH and TSH 

expression, which supports the lack of effect observed at 24h of incubation in the 

release of these hormones. On the other hand, treatment with adiponectin or resistin did 

not alter the expression of any of the anterior pituitary hormones. Consequently, these 

data indicate that, whereas the pituitary actions of leptin contribute to both the hormonal 

synthesis and release of specific cell types (i.e. somatotrope, lactotrope and 

corticotropes, but not to gonadotropes and thyrotropes), the effects of adiponectin and 

resistin only contribute to modulate the secretory vesicle release, but not the expression 

levels, of GH and ACTH (and PRL in the case of adiponectin).  

Notably, we also found that these adipokines not only regulate pituitary hormone 

expression and secretion, but also the sensitivity of somatotropes, lactotropes and/or 

corticotropes to some of their well-known regulatory factors [i.e. GHRH, ghrelin, SST, 

dopamine, corticotropin-releasing hormone (CRH), insulin and IGF-I] (305, 336, 337, 

341-343). Specifically, leptin treatment did not alter the expression of the receptors for 

GHRH, ghrelin or CRH, but significantly reduced the expression of various inhibitory 

receptors involved in the regulation of the function of somatotropes, lactotropes and 

corticotropes (i.e. SST-receptor subtypes sst1, sst2, and sst5, as well as insulin and IGF-

I receptors), which, in conjunction, might also be serving to enhance the stimulatory 

effects of leptin on the pituitary hormone expression and release observed in this 

primate model. In addition, we also found that adiponectin treatment was able to 

decrease the pituitary sensitivity of GHRH by reducing the expression of its receptor, 

which might also be a regulatory mechanism involved in the inhibitory effects exerted 

by adiponectin on baboon GH release. Finally, resistin treatment also inhibited sst2 

expression in baboon pituitary cells, which might also contribute to the resistin-induced 

GH and ACTH release observed in baboon pituitary cell cultures. Interestingly, we also 

demonstrated that treatment with leptin, but not with adiponectin or resistin, augmented 

the expression of key pituitary transcription factor-1 (Pit-1) in baboon pituitary cells, 

which suggests that the exclusive stimulatory effect of leptin on GH and PRL 

expression and secretion at 24h of incubation might involve an increased in Pit-1 

expression. In fact, further support for a direct positive association between leptin 

signaling and GH, PRL and Pit-1 expression levels is a recent report demonstrating that 

adult female, but not male, mice lacking leptin receptor from somatotropes had reduced 

GH, PRL and Pit-1 protein levels in somatotropes, suggesting a sex-dependent role for 
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leptin in the control of GH, PRL and Pit-1 levels (344). Remarkably, this study also 

showed that Pit-1 protein was increased in response to leptin stimulation, which 

reinforce the idea that leptin might regulate GH levels through stimulation of Pit-1, but 

also that Pit-1 might be a target of leptin, at least in female mice. 

To date, only limited and fragmentary data in non-primate species (125, 287, 

291, 298, 335), or no information, is available on the signaling pathways implicated in 

the regulation of pituitary hormone secretion by leptin, adiponectin or resistin. Thus, 

this is the first study analyzing the precise contribution of major intracellular signaling 

pathways to the direct effects evoked by these adipokines on multiple anterior pituitary 

hormone secretions (i.e. GH, PRL, ACTH and FSH release). Our result indicated that 

the stimulation of GH elicited by leptin at the pituitary is mediated through AC/PKA, 

PLC/PKC, PI3K and extra-/intra-cellular Ca
2+

 mobilization, but does not require mTOR 

and MAPK activation. In contrast, the set of second-messenger pathways required by 

adiponectin to inhibit, and by resistin to stimulate, GH release seems to be more limited 

than that required for leptin release, involving AC/PKA, PI3K and extra-/intra-cellular 

Ca
2+

 mobilization in the case of adiponectin and, AC/PKA, mTOR and PI3K in the case 

of resistin.  

Moreover, we found that the leptin- and adiponectin-induced PRL release in 

primary pituitary cell cultures from baboons is mediated through the same signaling 

pathways, involving AC/PKA and PI3K activation and extra-/intra-cellular Ca
2+

 

mobilization. In contrasts, inhibition of AC/PKA, PLC/PKC, PI3K and extra-/intra-

cellular Ca
2+

 mobilization, completely blocked leptin-induced ACTH secretion, which 

remarkably parallels that found previously to mediate the actions of leptin on GH 

release. However, only inhibition of AC/PKA and PI3K, but not of PLC/PKC, mTOR 

and MAPK activities or extra-/intra-cellular Ca
2+

 mobilization, effectively blocked 

resistin-mediated ACTH release. Furthermore, we found that the inhibitory effect of 

adiponectin on ACTH secretion is mediated through AC/PKA, PI3K and extra-/intra-

cellular Ca
2+

. Finally, our results revealed that the exclusive stimulation of FSH evoked 

by leptin at the pituitary was mediated through AC/PKA, PLC/PKC, PI3K and extra-

/intra-cellular Ca
2+

 mobilization, which also parallels that found previously to mediate 

the actions of leptin on GH and ACTH secretion. Therefore, our present observations 

provide the first evidence demonstrating that the direct effects elicited by leptin, 

adiponectin and resistin on anterior pituitary hormone secretions involved the activation 
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of both common (AC/PKA) and distinct (PLC/PKC, intra-/extra-cellular calcium, 

mTOR, PI3K and/or MAPK) signaling pathways in primary pituitary cell cultures from 

baboons.  

Finally, we explored whether leptin, adiponectin and resistin were locally 

expressed in the anterior pituitary glands of baboons and macaques. We also found that 

these adipokines were expressed at different levels in the pituitary of these primate 

models, being the expression of adiponectin > leptin > resistin. In line with this, 

although adipose tissue is considered the major source of circulating leptin, adiponectin 

and resistin, other endocrine tissues, including the pituitary (results of this study) and 

prostate /results from the previous study: Article I of this thesis) glands, also express 

these adipokines and their receptors (345). Therefore, it is possible that local production 

of these adipokines, together with their circulating levels, might also contribute to 

mediate tissue-specific effects and might comprise relevant regulatory circuits that 

contribute to the fine regulation of pituitary and prostate cell function. 

 

3.3. – Obesity and metabolic dysfunction severely influence prostate 

cell function: role of insulin and IGF1 (Article III: Published in the 

Journal of Cellular and Molecular Medicine  

 

Obesity is a major health problem associated to severe comorbidities and to 

drastic impairment of the functioning of several metabolic organs (192, 346). In this 

scenario, recent studies have demonstrated that obesity induced by high-fat diets 

promotes structural and metabolic changes on the prostate gland (180-182), as well as 

alterations on multiple signaling pathways and modulation by different regulators (180, 

181). Although androgens and estrogens signaling may represent the primary controller 

of prostate gland function under normal and pathological conditions (2, 4-8), the 

components of the GH, insulin and IGF1 axes have been also shown to play relevant 

roles in the development, modulation and homeostasis of the prostate gland (25, 347, 

348). However, although these regulatory systems are drastically altered in obesity 

(192), their implication and regulation in the prostate gland under obesity conditions 

have not been fully explored.  
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We developed a classic mouse model of diet-induced obesity (and insulin 

resistance) by feeding male mice a high fat diet (HFD), and compared to those fed a low 

fat diet (LFD). We found that HFD-fed mice significantly gained more weight and also 

presented a worst glucose clearance profile and insulin resistance compared to the 

control (LFD) group. Supporting these results, the glucose, insulin and leptin levels in 

fast and/or fed conditions were higher in the HFD group than in the LFD group, 

confirming the obese phenotype. Moreover, analysis of the livers of HFD mice acutely 

injected with insulin confirmed the peripheral insulin resistance (i.e. blunted 

phosphorylation levels of AKT). In this sense, we demonstrated, for the first time, that 

the prostate gland, similarly to that observed in other organs (194), developed a drastic 

insulin-resistance in conditions of obesity, as demonstrated by the severely reduced 

increments of AKT-phosphorylation in response to an acute insulin injection, thus 

reinforcing the idea of a relevant crosstalk between alterations in the endocrine-

metabolic status (i.e. obesity) and the dysregulation of the normal metabolic 

homeostasis of the prostate gland. 

A characterization of the expression and regulation of the components of the 

GH, insulin and IGF1 axes in the pituitary and prostate glands of mice fed a HFD or a 

LFD revealed that the majority of the components of this regulatory axes were 

expressed in prostate glands. In fact, these results were consistent with previous studies 

showing that the GH receptor is expressed in the prostate (349), whereas, to the best of 

our knowledge, our study represents the first piece of evidence showing that GH is also 

locally expressed in the prostate gland. In this sense, as previous studies have indicated 

that the role of GH in the prostate gland is circumscribed to the stimulation of the local 

production of IGF1 (25), these data might also suggest the existence of an 

autocrine/paracrine GH/GHR loop potentially able to stimulate IGF1 production from 

the prostate gland. Indeed, our results confirmed previous findings showing the 

expression of IGF1, IGF1R and Insulin-receptor at the prostate gland (25, 63, 68), and 

demonstrated the local expression of other components of the IGF1/insulin system such 

as various Igfbps (Igfbp2 and Igfbp3) as well as of other associated proteins, as is the 

case of the glucose transporter Glut4. Most importantly, as previously observed in other 

tissues (194, 198), our results indicate that the expression pattern of the components of 

the GH, insulin, and IGF1 regulatory axes can be finely modulated in the prostate gland 

by environmental factors such as the diet. Particularly, we found that prostate glands of 
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obese mice presented altered expression levels of Ghr and Glut4, which were similar to 

those observed in the pituitary of obese mice, but also prostate-specific changes, such as 

an up-regulation in Igfbp3 expression, which might have some pathophysiological 

implications. 

Remarkably, our the data provide primary evidence that an acute insulin 

treatment can specifically modulate the expression of specific components of the GH, 

insulin, and IGF1 axes at the prostate gland, but not at the pituitary level, and that these 

changes could be different in lean vs. obese mice. Namely, whereas Igf1r expression 

tended to be higher in insulin-treated LFD and HFD animals, Igfbp3 expression was 

severely decreased only in HFD-fed mice after the acute insulin injection. These latter 

results might be of particular interest, owing to the fact that it has been demonstrated 

that GH, IGF1 and insulin axes play a direct role in the control of the pathophysiology 

of prostate cells and, therefore, any dysregulation in the normal expression pattern of 

these regulatory systems, as the observed under obese conditions in this study might 

have some potential pathological implications. Indeed, there is currently strong evidence 

supporting the existence of a clear association between alterations in the metabolic and 

hormonal status (e.g. changes in circulating insulin, IGF1 and/or GH levels, in obesity, 

diabetes, etc.) and a higher risk of developing, and an increased aggressiveness of, 

certain types of cancer, including prostate cancer (148, 350, 351). In this sense, we did 

not find any difference in circulating Gh levels in obese mice, likely due to the intrinsic 

pulsatility of Gh secretion. In contrast, it is plausible that the elevated levels of 

circulating IGF1 and insulin found in obese vs. lean vehicle-treated mice could have 

some pathophysiological implications at the prostate gland level. Indeed, by using 

mouse primary prostate cell culture treated with insulin and Igf1, we could observed 

that, similar to that found in vivo, the expression of Ghr (but not Igf1r or Insulin 

receptor) was reduced in response to Igf1, but not insulin treatment. Thus, the reduction 

in GH signaling at the prostate gland level found in vivo (and also in vitro in response to 

Igf1 treatment) may suggest the existence of a negative feedback in this gland, similar 

to that previously reported at the pituitary (352), wherein excessive circulating Igf1 

levels could be exerting a regulatory negative feedback by downregulating of GH 

signaling. Moreover, similar to that found in vivo, we also observed that Igfbp3 

expression tended to be increased in response to insulin in mouse primary prostate cell 

cultures, which might have some important pathophysiological implications, since 
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IGFBP3 has been shown to be overexpressed in tumoral vs. normal-benign prostate 

glands and is associated with enhanced malignancy features in prostate cells (353-355). 

Therefore, although insulin and IGF1 did not exert identical actions, likely due to the 

dissimilar affinity of both hormones to insulin and IGF1 receptors (forming homo- and 

hetero-dimers) (356), these data reinforce the contention that insulin and IGF1 are main 

regulators of prostate gland physiology, and anticipate that the changes observed in 

obese mice could play a role in the pathogenesis of the prostate gland.  

Nonetheless, the data presented herein using androgen-independent and 

androgen- sensitive prostate cancer cell lines (PC3 and LNCaP) demonstrate that IGF1 

and/or insulin can similarly modulate some parameters related to PCa pathophysiology 

such as proliferation and expression of relevant receptors (INSR, IGFR or GHR) and 

therefore, we might speculate that these actions of insulin and IGF1 might be androgen-

independent. Particularly, both hormones altered the expression of INSR, IGFR and 

GHR and increased the capacity of PC3 cells to migrate. In addition, IGF1 was also able 

to promote the proliferation of both LNCaP an PC3 cells, which could be likely 

associated to the prominent increase in the expression of two proliferation markers 

(PTTG and Ki67), at least in the case of PC3 cells. Therefore, these results, together 

with other studies reporting a clear association of the risk of prostate cancer with IGF1 

levels, insulin levels and/or insulin-resistance (71, 132, 199, 200), reinforce the 

importance of these two hormones in the pathophysiology of the prostate gland and 

suggest their putative utility in the prognosis and/or treatment of prostate cancer. In 

addition, from a clinical point of view, as metformin, an antidiabetic drug associated 

with a reduction in PCa risk (259, 260), has been shown to reduce insulin levels and 

insulin resistance, the results presented herein could invite to suggest that one of the 

putative mechanisms that might help to explain the beneficial actions of metformin on 

PCa development and progression might be the reduction in insulin resistance at the 

prostate gland level (a hypothesis that has been considered in the following article IV). 

 

3.4. – Diet-dependent Effects of Metformin on tumors from prostate 

cancer cell line Article )V: Published in Molecular Cancer Research  

 

The development and progression of PCa, one of the most severe health 

problems for the male population worldwide, is strongly influenced by endocrine 
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metabolic alterations (such as obesity), wherein metformin (Met) could represent a 

promising treatment (259). However, before the publication of this work, no studies had 

been implemented to determine: 1) whether HFD consumption, independently of 

obesity and its associated endocrine-metabolic alterations, might be associated with the 

progression/aggressiveness of PCa in vivo compared with LFD consumption; 2) 

whether the antitumoral effects of metformin in vivo are similar under LFD and HFD 

conditions; and, most importantly, 3) the precise cellular/molecular mechanisms 

underlying these potential in vivo associations/effects under HFD/LFD conditions. To 

achieve these goals, we used a combination of different in vivo and in vitro approaches, 

including the use of a mouse model with partial resistance of HFD-induced obesity 

(male immunodeficient NUDE Foxn1
nu

/ Foxn1
nu

) subcutaneously xenografted with PCa 

cells and with or without treatment with metformin and compared the corresponding 

groups of mice under LFD –feeding conditions. 

Specifically, as previously reported, this mouse model did not significantly gain 

body weight under HFD feeding compared with LFD animals (357-359), which was 

accompanied by similar body composition and glucose, insulin and corticosterone 

levels. We found that the tumors of mice fed with a HFD and not treated with 

metformin (HFD-H2O) exhibited an accelerated growth rate and elevated expression of 

some proliferation markers (i.e. Ki67 and Men1) compared with LFD-fed mice, 

suggesting an association between high calorie intake from fat and PCa growth. 

Therefore, this is the first study demonstrating that the intake of a higher fat proportion 

in the diet due to HFD-feeding can promote the growth of the xenografted PCa cell 

irrespective of major metabolic dysregulations (i.e. body composition; glucose, insulin 

or corticosterone levels). Interestingly, we observed that these effects found in the HFD 

fed mice compared with the LFD-control group may be due to the modulation of certain 

genes involved in relevant tumor-associated pathways as is the case of increased 

expression of MAP2K6 and PLCB4 or decreased expression of SMAD4 and PRKAR1B, 

which have been shown to be involved in the activation of MAPK or GnRH pathways 

(360, 361). It should be nevertheless noted that these mice presented elevated leptin 

levels under HFD feeding, which have been associated with JAK/STAT pathway 

activation and tumor growth (362) and could, therefore, help to explain, at least in part, 

the results observed herein. 
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We next determine the direct effects of metformin on different PCa cell lines and 

in the normal RWPE1 prostate cells. These in vitro data presented herein confirm and 

expand previous results demonstrating a clear anti-tumoral effects of metformin on 

prostate cancer cells (262, 263, 265). However, although previous studies showed 

similar effects of metformin on the regulation of diverse cell lines (363), we found 

different responses to metformin depending on cell type, dose and treatment-duration. 

Particularly, we observed that 22Rv1-cells were not affected by metformin at any dose 

or time tested, while metformin exerted clear effects on LNCaP and PC3 cells. Indeed, 

the LNCaP cells seemed to be the most sensitive, showing decreased proliferation after 

48h with 2.5-5mM of metformin, while PC3 cells presented significantly lower 

proliferation only after 72h with 5 mM of metformin. Interestingly, the behavior of the 

different cell lines to metformin could be related to the PTEN expression considering 

that both LNCaP and PC3 have compromised PTEN expression while the 22Rv1 does 

not. In addition, metformin also decreased proliferation in normal RWPE1 cells at 72h 

at the higher doses (2.5-5mM). Furthermore, 5mM metformin treatment also decreased 

migration of PC3 and RWPE1 cells. Although, metformin did not affect PSA secretion 

in LNCaP cells, it seemed to decrease it in 22Rv1-cells (p=0.06). Therefore, these 

results suggest a differential role of metformin on functional parameters associated to 

the pathophysiology of the prostate gland; however, it is worth mentioning that these 

results have been generated by using normal and PCa cell lines and, therefore, caution 

should be taking when trying to translate these results to in vivo prostate gland behavior.  

In this sense, our results also demonstrate a significant effective anti-tumoral 

role of orally-consumed metformin under both, LFD and HFD, conditions. Specifically, 

in the case of LFD feeding, the tumors induced in mice treated with metformin 

exhibited reduced volume and growth than those induced in control (H2O)-treated mice, 

demonstrating that metformin could also display anti-tumoral effects on PCa 

development and progression in vivo under conditions of standard nutrition and 

balanced endocrine-metabolic status, through the modulation of the expression of key 

genes (Daxx, Erbb2 or Shc4) involved in tumor-associated pathways such as MAPK or 

EGFR. These data correlate well with previous studies reporting that ip-injected or oral 

metformin treatment has the ability to reduce tumor volume in LNCaP xenografts under 

chow-diet (263) and that different concentrations of ip-injected metformin could reduce 

PC3-generated tumors in a dose-dependent manner on mice fed a normal diet (363).  
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Remarkably, our data demonstrate that metformin especially exhibited anti-

tumoral effects on PCa cells under HFD-conditions, which is consistent with recent 

studies (363) reporting that metformin treatment reduces tumor growth in HFD-fed 

mice. However, our results demonstrate for first time that, surprisingly, metformin 

treatment is much more effective under HFD conditions than under LFD, despite the 

fact that HFD-fed animals did not present severe endocrine-metabolic dysregulation, 

which suggests a putative crosstalk between HFD-feeding (i.e. higher fat proportion in 

the diet) and metformin treatment on PCa development and progression. This improved 

performance of metformin on PCa cells under HFD-conditions was associated to the 

modulation of the expression of numerous genes involved in the pathological 

development or progression of the tumors.  

Indeed, the molecular analysis implemented on tumors formed in HFD-fed mice 

treated with metformin revealed a drastic alteration on the expression of genes 

associated to several pathways and cellular processes including apoptosis, cell cycle, 

Jak-Stat, PI3K-Atk, MAPK, p53, TNF, insulin signaling and resistance, TGF-beta 

signaling pathways (when comparing HFD-Met vs. HFD-H2O or LFD-Met mice) and 

mTOR, AMPK and NF-Kappa B (which were exclusively altered in HFD-Met vs. 

HFD-H2O mice). In this regard, it is remarkable the fact that the expression pattern of 

some of these genes involved in certain pathways and cellular processes such as 

apoptosis, Jak-Stat and specially cell cycle [(upregulation of TNF, NGF, CCND2, IL12A 

and dowregulation of CBLC (Cbl proto-oncogene C)] can discriminate between the 

tumors induced in HFD-Met mice compared with the tumors formed in HFD-H2O or 

LFD-Met mice, suggesting that metformin could induce a characteristic gene expression 

fingerprint associated with cell cycle progression under HFD, which could be associated 

with its anti-tumoral effects under HFD-conditions (364-369).  

Finally, although HFD-fed mice did not exhibit drastic changes in the endocrine-

metabolic profile (likely due to the particular resistance of this strain), obesity and diet 

have been associated in many studies with a dysregulation of the regulatory GH/IGF-I 

axis (198). In fact, as discussed in the previous manuscript included in this Thesis, this 

could be of particular importance considering the role exerted by this regulatory axis on 

the development and progression of PCa (71). Indeed, IGF1 is an important regulator of 

cell proliferation, differentiation and apoptosis (46) and the GH/IGF1 axis has been 

shown to be associated to PCa development (71). Interestingly, we found a slight 
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tendency for the reduction of circulating Igf1 levels under metformin treatment 

irrespective of the diet (p<0.1), which could help to explain, at least in part, the fact that 

metformin-treated mice presented smaller tumors. In addition, we observed that IGF1R, 

which has been associated with tumor growth or progression and is overexpressed in 

PCa (370), was decreased in LFD-Met mice, which is in line with a previous report 

(371) and provides additional putative drivers of the beneficial effects elicited by 

metformin under LFD-conditions. On the other hand, metformin treatment in HFD-fed 

mice was associated to decreased expression of GHR and IGFBP3. Interesting, GHR 

appeared to be upregulated in colorectal and breast cancer samples (372) and its 

downregulation is associated with better metabolic profile and lower cancer incidence 

(373); while IGFBP3 levels are elevated in PCa patients (374), suggesting that 

metformin could be partially exerting its beneficial effects under HFD-conditions 

through the regulation of the local expression of different GH/IGF1 axis components.  

Altogether, our results demonstrate that HFD is associated to enhance PCa 

growth in xenografted tumors irrespective of body weight gain and endocrine-metabolic 

dysregulations and that metformin is able to reduce PCa growth under LFD but more 

prominently under HFD, acting through the modulation of several key tumoral-

associated processes such as cell cycle and/or apoptosis and by the modulation of the 

local expression of GH/IGF1 axis components.  
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Article I: 1) Various adipokines (leptin, adiponectin and resistin)/receptors-systems are 

differentially expressed in normal prostate glands, and their expression is under 

a complex, ligand/receptor-selective regulation depending on the metabolic 

conditions (i.e. fasting and obesity). 

2) Leptin, adiponectin and resistin mediate common and distinct direct actions in 

normal and tumoral prostate gland cells from mice and/or human (including 

homologous and heterologous regulation of the synthesis of these 

adipokines/receptors, modulation of migration capacity and/or proliferation rate 

and markers, and activation of ERK-signaling pathway), which altogether, 

suggest a relevant role of these adipokines-systems in the regulation of prostate 

glands patho-physiology. 

Article II: 3) Leptin, adiponectin, resistin are also expressed in the pituitaries of non-

human primates and directly, but differentially, regulate the function of the 

majority of the anterior pituitary cell types. These effects were mediated through 

the activation of common and distinct signaling-pathways, and by the regulation 

of gene-expression of key receptors and transcriptional factors involved in the 

modulation of anterior pituitary cell function. 

4) Pituitary actions of leptin contribute to both hormone synthesis and release, 

while the effects of adiponectin and resistin only contribute to modulate the 

secretory vesicle release, but not gene expression, in anterior pituitary cell types 

from non-human primates. Therefore, local-production of adipokines/receptors, 

in conjunction with circulating adipokine-levels, might comprise a relevant 

regulatory circuit that contributes to the fine-regulation of pituitary function. 

Article III: 5) Most of the components of the GH, insulin and IGF1 regulatory axis are 

present in prostate glands, wherein their expression pattern is altered under 

obesity conditions and after an acute insulin treatment. Moreover, prostate 

glands become severely insulin resistant under diet-induced obesity in mice. 

6) Insulin and IGF1 play a direct, relevant role in the control of normal and 

pathological prostate cell function (including modulation of the synthesis of 

their receptors, migration capacity as well as proliferation rate and markers), 

which altogether, demonstrate a relevant crosstalk between endocrine-metabolic 
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status and the development and homeostasis of the prostate gland, wherein key 

components of the GH/insulin/IGF1 axes could play a relevant role. 

Article IV: 7) High fat diet consumption is associated with enhanced prostate cancer 

growth irrespective of body weight gain and endocrine-metabolic 

dysregulations.  

8) Metformin significantly reduces prostate gland growth under low fat diet but 

more prominently under high fat diet, acting through the modulation of several 

key tumoral-associated processes (such as cell cycle, apoptosis and/or necrosis) 

and, by the modulation of the local expression of GH/IGF1 axis components at 

the prostate gland.  

 

Altogether, the results of this thesis highlight the importance of the prostate 

gland as a true metabolic sensor of the body, able to gauge the status of the metabolic 

environment, adjusting its molecular and cellular processes and function. Thus, the 

results presented in this work revealed that the control of prostatic pathophysiology is 

not as simple and straightforward as originally envisioned since it is triggered by an 

integration of multiple factors acting simultaneously and/or successively at this gland, 

which converge, and ultimately result, in the activation and/or inhibition of multiple, 

common and distinct, signaling pathways to finely modulate the function of the gland. 

Nonetheless, future studies need to be implemented in order to elucidate more deeply 

the precise effects of various regulators mentioned in this thesis, the complete set of 

their underlying mechanisms, and the network of interactions among them.  
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Abstract  27 

Adipose tissue-derived adipokines (i.e. leptin/adiponectin/resistin) play important roles in the 28 

regulation of several patho-physiological processes (e.g. glucose/lipid-metabolism, food-intake, etc.) 29 

through the activation of specific receptors. However, although adipokines and their receptors are 30 

widely distributed in many tissues and exhibit a clear modulation by the particular metabolic 31 

conditions (e.g. obesity and/or fasting), their expression, regulation, and putative action on normal 32 

prostate glands (PGs; a hormone-dependent organ tightly regulated by the endocrine-metabolic 33 

milieu) is still to be defined. Different in vivo and in vitro models were used to comprehensively 34 

characterize, for the first time, the expression-pattern and actions of different adipokine-systems (i.e. 35 

leptin/adiponectin/resistin and receptors) in mouse PGs. Adiponectin, resistin, adiponectin-receptors 36 

(1 and 2) and leptin-receptor are co-expressed at different levels in PG-cells, wherein they are finely 37 

regulated under fasting and obesity conditions. Furthermore, treatment with different adipokines 38 

exerted both homologous and heterologous regulation of specific adipokines/receptor synthesis, and 39 

altered the expression of key proliferation/oncogenesis markers (i.e. Ki67/c-Myc/p53) in mouse PG-40 

cell cultures. Moreover, we found that some of these actions might be elicited through the activation 41 

of ERK-signaling. Altogether, our data show for the first time that various adipokines/receptors-42 

systems are differentially expressed in normal PG-cells, that their expression is under a complex, 43 

ligand/receptor-selective regulation under extreme metabolic conditions, and that they mediate 44 

distinctive and common direct actions in PG-cells (i.e. homologous/heterologous regulation of 45 

ligands/receptors synthesis, modulation of proliferation markers, and activation of ERK-signaling 46 

pathway), suggesting a relevant role of these systems in the regulation of PG patho-physiology.  47 

 48 

Précis 49 

Various adipokines/receptors are differentially expressed and mediate direct actions in 50 

prostate gland cells, and their expression is under a complex, ligand/receptor-selective regulation 51 

under extreme metabolic conditions.  52 

  53 
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Introduction 54 

Adipose tissue produces and releases a variety of factors that regulate many physiological 55 

functions, including the adipokines leptin, adiponectin, and resistin, which play relevant roles in the 56 

modulation of immune, inflammatory or vascular systems, lipid metabolism, steroid synthesis 57 

metabolism, energy balance, etc. (1,2). Particularly, leptin has been shown to display key central 58 

effects such as inhibition of hunger sensation (3) and stimulation of GnRH release (4) but it is also 59 

associated with the modulation of immune system, blood pressure, bone metabolism and energy 60 

balance (3,5-7). Adiponectin has been associated with the regulation of glucose homeostasis, by 61 

decreasing gluconeogenesis and increasing glucose uptake and insulin sensitivity (8,9), but also with 62 

the regulation of lipid oxidation (9). Finally, resistin, the less studied of these adipokines, has been 63 

associated with insulin resistance, inflammatory state and immunomodulation (10,11). To exert these 64 

actions, these adipokines act through specific receptors [i.e. leptin receptor (Lepr) and adiponectin 65 

receptors 1 and 2 (Adipor1 and Adipor2); resistin receptor(s) are not unequivocally identified yet 66 

(12)], which are widely expressed in many tissues and organs (e.g. hypothalamus, muscle, pancreas or 67 

liver) (13,14), confirming that these adipokines represent relevant regulatory circuits to modulate 68 

numerous functions in multiple cell types. Interestingly, the adipose and other tissues co-express 69 

certain adipokines and their receptors (13-16) suggesting the existence of auto-regulatory loops in 70 

these tissues.  71 

Adipokines are finely regulated under different metabolic conditions such as obesity or 72 

fasting, which could impact the normal physiology of different tissues/organs. In particular, leptin and 73 

resistin exhibit similar behavior, being elevated under obesity and reduced in fasting conditions (17-74 

19), which could contribute to the impaired metabolic status observed in obesity inasmuch as leptin is 75 

associated with immune system activation (20) and resistin with inflammatory state, 76 

immunomodulation (10,11) and insulin resistance (21,22). On the other hand, adiponectin displays an 77 

opposite pattern of regulation in that its levels are reduced in obesity (23), which could favor the high 78 

glucose and insulin levels observed in this state as adiponectin has been associated with an improved 79 

glucose uptake and insulin sensitivity (8,9,24). In addition, the low levels of adiponectin observed in 80 
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obesity may also contribute to an increased inflammatory state in this metabolic status since this 81 

hormone is considered an anti-inflammatory factor (25).  82 

In this scenario, the role of adipokines on the physiologic regulation of the prostate gland 83 

(PG), an organ closely regulated by the endocrine milieu, is still poorly known. To the best of our 84 

knowledge, although adipokine receptors (Lepr, Adipor1 and Adipor2) have been found in normal 85 

PGs (15,16), the information available about the expression, modulation and effects of adiponectin, 86 

leptin and resistin on prostate function is controversial and mainly related to cancer progression (26-87 

28). For this reason, in the present study we aimed to characterize, for the first time, the expression 88 

levels as well as the direct actions of these adipokine-receptor systems in normal murine PGs (i.e. 89 

homologous and heterologous regulation, activation of ERK and AKT signaling pathways and 90 

modulation of different proliferation-markers) as well as their regulation under different metabolic 91 

conditions (obesity and fasting). 92 

 93 

  94 
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Material and Methods  95 

Animal models 96 

All experimental procedures were carried out in accordance with applicable guidelines and 97 

regulations, following the European Regulations for Animal Care and under the approval of the 98 

University of Cordoba and the Regional Government Research Ethics Committees. C57BL/6J male 99 

mice were obtained at weaning from Janvier-Labs (Le Genest-Saint-Isle, France) and used to: 1) 100 

Define de expression levels profile of different adipokines and their receptors (i.e. leptin, adiponectin 101 

and resistin) in PGs (n=6 mice; 12-weeks old; experiment-1); 2) Explore the modulation of the 102 

expression of these adipokines and their receptors in response to fasting (12- and 24-h) compared with 103 

fed-littermate controls (n=5-6 mice; 13-18-weeks old¸ experiment-2); 3) Explore the modulation of 104 

the expression of these adipokines and their receptors in a model of diet-induced obesity (obese vs 105 

lean-control mice; n=5 mice; 27-weeks old; experiment-3); and, 4) Study the direct effect of leptin, 106 

adiponectin and resistin on the expression of different key genes in normal mouse PGs (by using 107 

primary prostate cell cultures; n=6-8; 12-weeks old mice; experiment-4). Mice were feed with a 108 

standard rodent (8.4 % Kcal fat, 72.4 % Kcal carbohydrates, 19.3 % Kcal proteins; Reference: A04, 109 

SAFE-diets, Barcelona, Spain), except those of experiment-3 which were fed a low-fat (LF) or a high-110 

fat (HF). All mice were housed in sterile filter-capped cages maintained under standard conditions of 111 

light (12-h light/dark cycle; lights on at 07:00 am) and temperature (22–24°C), with free access to 112 

sterilized diet and water.  113 

In the fasting study (experiment-2), mice were fasted for 12- or 24h prior to the sacrifice [n=5-114 

6 mice /group (control, fasted for 12h and 24h)]. To generate the diet-induced obese model, n=5 mice 115 

per group were housed individually and fed (starting at 4-wks until 23-wks of age), a LF or HF diet 116 

[Research Diets Inc, NJ, USA; LF (10% Kcal fat, 70% Kcal carbohydrates, 20% Kcal proteins), HF 117 

(60% Kcal fat, 20% Kcal carbohydrates, 20% Kcal proteins); LF and HF were micronutrients 118 

matched diets]. Mice were handled daily to acclimatize them to the experimental procedures and 119 

personnel for 1-2 wks before blood sampling or euthanasia. Mice were sacrificed by decapitation 120 

without anesthesia (between 08:00-10:00h). PGs were immediately excised, weighted and snap-frozen 121 

in liquid nitrogen [experiments 1-3, or maintained in appropriated media for further dispersion 122 
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(experiment-4)]. Plasma and tissues were stored at -80C until posterior analysis. Mice were weighted 123 

before the sacrifice. 124 

 125 

Normal primary prostate cell cultures (PPCCs) from mice 126 

Whole prostate glands (2 pooled prostates from normal-control mice/experiment, n=3-4 127 

independent experiments) were dispersed into single cells as recently reported (29). To avoid 128 

fibroblast contamination, cultures of dispersed prostate cells were filtered through a nylon gauze of 129 

130-µm mesh, and cells were plated (150.000 cells/well) in DMEM with D-Valine (to selectively 130 

inhibit fibroblast proliferation/overgrowth; SeraLab, Haywards Heath, UK), supplemented with 10% 131 

fetal bovine serum (FBS), 1% antibiotic-antimycotic, and 2mM L-glutamine (Sigma-Aldrich, St. 132 

Louis, MO, USA) at 37ºC and 5% CO2. After 24-36h in culture, PPCCs were pre-incubated in serum-133 

free medium for 2h, and subsequently, the medium was replaced with serum-free medium containing 134 

medium alone (control), leptin (10 ng/ml), adiponectin (10 nM) or resistin (10 nM) (Sigma-Aldrich). 135 

It should be mentioned that doses for leptin, adiponectin and resistin were selected based on previous 136 

studies (30-33), which are on the range of physiological concentrations of these hormones in the 137 

circulation. Cell cultures were incubated with the different treatments and then, total RNA or protein 138 

[(24h or 8 min of incubation respectively; as previously reported (29-32)] were extracted as described 139 

below (3-4 wells/treatment). 140 

 141 

RNA extraction, reverse transcription and quantitative real-time PCR (qPCR) 142 

Total RNA from whole PGs was isolated using the AllPrep DNA/RNA/Protein Mini Kit following 143 

the manufacturer’s instructions and treated with DNase (Qiagen, Limburg, Netherlands). Total RNA 144 

from PPCCs was isolated using TRI-Reagent (Sigma-Aldrich,) following manufacturer’s instructions. 145 

Total RNA concentration was assessed using Nanodrop-2000 spectrophotometer (Thermo Scientific, 146 

Waltham, MA, USA). Total RNA (1µg) from each sample was reverse-transcribed using random 147 

hexamer primers and the cDNA First Strand Synthesis kit (Thermo Scientific, Waltham, MA, USA).  148 

The development, validation and application of the qPCR to measure the expression levels of 149 

different mouse transcripts have been previously reported (30). qPCR reactions were performed using 150 
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the qPCR Stratagene Mx3000p instrument (Agilent, Santa Clara, CA, USA) with Brilliant III SYBR 151 

Green Master Mix (Agilent). Absolute gene expression levels were calculated using a specific 152 

standard curve for each transcript analyzed. A No-RT sample was used as a negative control. For each 153 

qPCR reaction, 10μl of master mix, 0,3μl of each primer (10μM stock), 8,4μl of distilled H2O and 1μl 154 

of cDNA (50 ng) were mixed with a program consisting of the following steps: 1) 95°C for 3 min, 2) 155 

40 cycles of denaturing (95°C for 20 sec) and annealing/extension (61°C for 20 sec) and, 3) graded 156 

temperature-dependent dissociation step (55°C to 95°C, increasing 0.5°C/30 sec). To control for 157 

variations in the amount of RNA used and the efficiency of the RT-reaction, the expression level of 158 

each transcript was adjusted by a Normalization Factor (NF) in each sample obtained from the 159 

expression levels of three housekeeping genes (β-actin, Hprt and Cyclophilin A) using the Genorm 160 

program for the fresh PG tissues data or adjusted by Cyclophilin A for the PPCCs data. Expression 161 

level of the housekeeping genes analyzed did not differ between experimental groups (data not 162 

shown). Specific sets of primers used in this study are shown in Supplementary Table-S1. 163 

 164 

Western blot  165 

PPCCs (450 000 cells/well) were washed with PBS and homogenized in RIPA Buffer (50mM 166 

Tris-HCl pH=7.4, 0.1% SDS, 0.1mM EDTA, 0.150mM NaCl, 1% sodium deoxycholate, 1% Tx-100, 167 

0.1mM CLAP and 0.1mM PMSF in distillated water). Samples were mixed with Laemmli buffer [2-168 

Mercaptoethanol 0.1%, Bromophenol blue 0.0005%, Glycerol 10%, SDS 2%, Tris-HCl 63 mM (pH 169 

6.8), final concentration (34)], boiled and separated on 10% acrylamide gels, and electrophoretically 170 

transferred to Hybond-ECL nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ) as 171 

previously described (29). Blots were blocked in 5% nonfat-dry milk (w/v) dissolved in Tris-buffered 172 

saline containing 0,1% Tween-20 (TBS-T) and incubated overnight (4ºC) with primary antibodies 173 

(1:1000, Cell Signaling, Beverly, MA, USA) against phospho-Ser473-Akt (#9271), total-Akt (#9272), 174 

phospho-Thr202/Tyr204-Erk (#4370), FABP4 (#3544), total-Erk (SC154, Santa Cruz Biotechnology, 175 

Dallas, Texas, USA) and, in TBS-T, 5% nonfat-dry milk. Then, blots were incubated with HRP-176 

conjugated goat-anti rabbit IgG (1:2000, #7074, Cell Signaling) for total-Akt, phospho-Ser473-Akt, 177 

and FABP4, total-Erk and phospho-Thr202/Tyr204-Erk in 5% dry milk, TBS-T for 1h, washed and 178 
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exposed (5 min) to Clarity Western-ECL Blotting-Substrate (1705060; Bio-Rad). Membranes were 179 

scanned using ImageQuant Las 4000 system (GE Healthcare Europe GmbH), and images were 180 

analyzed using ImageJ. 181 

 182 

Statistical analysis 183 

Samples from all groups were processed simultaneously and in parallel. Values are expressed as 184 

mean ±SEM and compared with the corresponding controls (set at 100%). In all cases, a Kolmogorov-185 

Smirnov test was applied to explore the normality of the values and, subsequently, parametric or non-186 

parametric t tests were implemented to analyze the statistical differences comparing each condition 187 

with the respective control. p<0.05 was considered significant; when p-values ranged between <0.1 188 

and >0.05, a trend for significance was indicated where appropriate. All statistical analyses were 189 

performed using the GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA).  190 

  191 
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Results 192 

Presence and expression of adipokines and their receptors in prostate glands 193 

The analysis of the expression of the different adipokines and receptors in whole PGs revealed that 194 

adiponectin and resistin are expressed at detectable but low levels, whereas leptin is not relevantly 195 

expressed based on method detection limit (i.e. less than 10 copies/50ng of cDNA) (Fig1A). In 196 

addition, adipokine receptors were also expressed in PGs, being Adipor1 the most abundantly 197 

expressed, followed by Adipor2 and, to a less extent, Lepr (Fig1A). Importantly, the expression of 198 

these hormones and receptors was consistently maintained in primary prostate cell cultures (PPCC)s 199 

compared with whole PG tissues (Fig 1B). Specifically, leptin and Lepr were not relevantly expressed 200 

(less than 10 copies/50ng of cDNA), while adiponectin, Adipor1 and Adipor2 resembled the 201 

expression pattern exhibited in whole PGs. Remarkably, resistin maintained similar expression levels 202 

in vitro compared with whole PGs (Fig 1B). Although we cannot exclude changes in receptor protein 203 

levels not reflected by their mRNA expression levels,, these results strongly suggest that the cell 204 

preparation and culture conditions did not have an adverse effect on the expression of transcripts 205 

important in the present study. Moreover, these results indicate that the culture system used allows for 206 

the maintenance of correct prostate cell function and suggests that information gained in this study 207 

could serve to understand the effects of these adipokines in mouse PGs. 208 

In order to corroborate that PPCCs was not contaminated with adipose tissue and that, therefore, 209 

the presence and expression of adipokines and receptors was solely associated to PG-cells, we 210 

analyzed the presence of fatty acid binding protein 4 (Fabp4; an adipose tissue marker) and 211 

demonstrated that PPCCs did not present any detectable expression of Fabp4 protein (i.e. free of 212 

adipose-tissue cells; Fig 1C; visceral adipose tissues was used as positive control). 213 

 214 

 215 

 216 

 217 

 218 
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Regulation of adipokines and their receptors under different metabolic conditions (fasting and 219 

obesity) 220 

To evaluate the modulation of the adipokines and receptors expressed in PGs under extreme 221 

metabolic alterations, we used two mouse models (i.e. fasting and diet-induced obesity; Fig 2 and Fig 222 

3).  223 

As illustrated in Fig-2A, under moderate- and long-term fasting conditions (12h and 24h), mice 224 

exhibited a significant reduction in body weight compared to fed-control mice [2.8g after 12h (10% 225 

reduction) and 3.6g after 24h (13% reduction)]. Interestingly, the expression levels of adiponectin and 226 

resistin were not altered under these fasting conditions (Fig 2B). However, Adipor1 and Adipor2 227 

expression was upregulated after 12h of fasting compared with the fed-control and then decrease to 228 

basal levels after 24h of fasting (Fig 2C). No changes in the expression levels of Lepr were found 229 

during fasting conditions (Fig 2C).  230 

The validity of the obese model used in this study and of their metabolic derangement paradigm 231 

has been previously demonstrated and published elsewhere (29). As illustrated in Fig-3A, HF diet-fed 232 

mice at the moment of the sacrifice exhibited a significantly higher body weight after 19-weeks of 233 

feeding (17g heavier than with LF diet-fed control mice). Specifically, the expression of resistin in the 234 

whole PG of obese mice was significantly reduced compared to LF diet-controls (Fig 3B); while only 235 

a non-significant trend (p<0.1) was found for adiponectin. In contrast, expression of Adipor1, Adipor2 236 

or Lepr was not altered under HF diet-conditions (Fig 3C).  237 

 238 

Direct effect of leptin, adiponectin and resistin on PPCCs  239 

We also evaluated the direct effect of leptin, adiponectin and resistin on their own expression 240 

as well as on the expression of their receptors (homologous and heterologous regulation) in mouse 241 

PGs using PPCCs (Fig 4A). Interestingly, our results revealed that leptin treatment promoted the 242 

reduction of resistin and the increase of Adipor1 expression; however, no effect was found on the 243 

expression of adiponectin, Adipor2, or Lepr. Our results also indicated that adiponectin was able to 244 

reduce its own expression and presented a non-significant tendency to reduce resistin levels (p=0.070) 245 

in PPCCs. Conversely, adiponectin treatment did not affect the expression of its own receptors 246 
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(Adipor1 and Adipor2) or Lepr. Finally, resistin treatment reduced adiponectin and resistin expression 247 

and stimulated Adipor2 mRNA levels, but had no effect on Adipor1 or Lepr expression (Fig 4A). 248 

We also determined whether the treatment with leptin, adiponectin or resistin had any effect 249 

on the expression of various proliferation markers in mouse PPCCs (Fig 4B). Remarkably, resistin 250 

[the predominant adipokine transcript expressed in PG tissues and PPCCs (Fig1A and B)] 251 

significantly increase Ki67, p53 and c-Myc, but not Men1 and Pcna, mRNA levels in PPCCs (Fig 252 

4B). Moreover, leptin treatment also significantly upregulated the expression of p53 in PPCCs while 253 

it did not alter the expression of the other markers (Fig 4B). Finally, adiponectin treatment did not 254 

alter the expression of any of the proliferation markers analyzed (Fig 4B). 255 

Interestingly, leptin treatment clearly promoted ERK-phosphorylation while adiponectin or 256 

resistin did not elicit any significant changes on ERK activation (Fig 5). In contrast, AKT-257 

phosphorylation was not significantly altered in response to treatment with any of these three 258 

adipokines, although adiponectin treatment exhibited a slight tendency to increase phospho-Akt levels 259 

(p=0.092) (Fig 5).  260 

  261 
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Discussion 262 

Adipokines have been demonstrated to play relevant roles in the modulation of several 263 

physiological and pathological conditions (1,2,35-37). Indeed, these hormones [adiponectin (38,39), 264 

leptin (40-42) and resistin (28,43)] have been shown to impact prostate cancer development and/or 265 

progression and their receptors have been shown to be expressed in prostate cancer cells [i.e. 266 

Adipor1/2 in TRAMP mice prostates (44) and Lepr in mice prostate cancer cell lines (45)], wherein 267 

they are associated with prostate tumor development (46,47). However, to date, there is still limited 268 

information about the expression, regulation and function of these adipokines systems in normal 269 

prostate tissue under normal and in extreme metabolic conditions such as obesity, a chronic 270 

endocrine-metabolic disease that has been associated with an increased incidence and aggressiveness 271 

of prostate cancer (48). For this reason, we herein aimed to systematically analyze, for the first time, 272 

the expression pattern of adiponectin, resistin, leptin and their identified receptors (Lepr and Adipor1 273 

and Adipor2) in PG tissues under normal and extreme metabolic conditions as well as in normal PCCs 274 

(wherein adipose tissue and fibroblast cells were depleted).  275 

Earlier studies have demonstrated that the components of various adipokine systems are 276 

widely expressed in many tissues. Specifically, leptin has been shown to be present in mouse adipose 277 

tissue, and in brain and skeletal tissues (15,16) and in human adipose tissue, brain and muscle (13,14); 278 

Adiponectin in adipose, cardiac and brain mouse tissue (15,16) and in human adipose, skin, kidney 279 

and skeletal tissues (13,14); Resistin in mouse adipose tissue and pituitary gland (15,16) and in human 280 

bone marrow, lungs, muscle, adipose and immune system tissues (13,14); Adipor1 and 2 in mice 281 

muscle, liver, pancreas, pituitary and sensory neurons (15,16) and, in human liver, pancreas and 282 

muscle (13,14); while Lepr has been detected in many mouse (15,16) and human (13,14) tissues. In 283 

contrast with the well-known expression of these adipokines and receptors in these tissues, to date 284 

only Lepr, Adipor1 and Adipor2 (but not the ligands) have been reported to be expressed by normal 285 

PGs from human and mice (13-16). Therefore, to the best of our knowledge, the present report 286 

provides the first systematic analysis and comparison of the levels of expression of different 287 

components of the leptin, adiponectin and resistin systems in normal PG tissues and in PPCCs. 288 

Specifically, our data confirm the previous results indicating that leptin and adiponectin receptors are 289 



13 

 

expressed at the PG level and show, for the first time, that normal PGs and PPCCs also expresses 290 

these adipokines at different levels. Interestingly, we found that resistin was the most abundantly 291 

expressed adipokine followed by adiponectin, whereas the expression of leptin was almost 292 

undetectable (i.e. close to the detection limit of the qPCR). Moreover, comparison of the expression 293 

levels of the adipokine receptors revealed that Adipor1 is the variant predominantly expressed in PG 294 

tissues and cell cultures (i.e. absolute mRNA copy number of Adipor1 >> Adipor2), and that Lepr was 295 

expressed at lower levels than Adipor1/2. This observation compares favorably with previous reports 296 

indicating that Adipor1 is the predominant adiponectin receptor expressed in endocrine-related tissue 297 

such as pituitary, and in muscle (49,50). Although the actual (patho)-physiological role of our results 298 

is still unknown, these data would support the notion that an autocrine/paracrine circuit involving the 299 

adipokines and their receptors may operate directly at the PG level, which might have important 300 

(patho)physiological implications. In favor of this notion are the previous data indicating that receptor 301 

for leptin and adiponectin are also expressed in prostate cancer cells and that leptin, adiponectin, 302 

resistin and their identified receptors might have important roles in the development and progression 303 

of prostate cancer (28,51). It should be mentioned that a limitation of this study might be the fact that 304 

mRNA levels may not always translate proportionately into functional protein levels; however, 305 

several reasons prevented us from being able to implement such analyses in the present study, 306 

including the limited amount of protein isolated from the PGs of the models included in this study, as 307 

well as the lack of appropriately validated antibodies against several of these molecules, owing to 308 

different reasons (i.e. limited commercially available antibodies specific for each of the mouse targets, 309 

and the poor quality of some of those available antibodies). 310 

A growing body of evidence supports the notion that adipokine levels change during 311 

conditions of metabolic dysregulation such as fasting and/or obesity, wherein this modulation could 312 

be of capital importance for the homeostasis of different metabolic tissues (3,17-19). Particularly, 313 

circulating leptin and resistin levels have been shown to display similar behaviors, being elevated 314 

under obesity and decreased in response to fasting (17-19), which could be directly associated to the 315 

expansion/shrinkage of the adipose tissue (52). In contrast, circulating adiponectin levels have been 316 

shown be reduced in obesity (23), and seem to decrease under fasting conditions, although this later 317 
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association is still to be unequivocally proved (19). As expected, these changes resemble those 318 

occurring on the expression of adipokines in adipose tissue (which is the main source of circulating 319 

adipokines) (53); however, it is still to be defined whether the local expression of adipokines systems 320 

in other metabolic tissues behave comparably. Therefore, in order to evaluate the effect of these 321 

opposite metabolic conditions, we analyzed and compared the expression of these adipokine system in 322 

PGs of mice under obese and fasting conditions, as compared to control mice under normal-fed 323 

conditions. Remarkably, our results revealed a lack of effect of fasting on the expression of 324 

adiponectin and resistin in PGs, while expression of both adipokines was (or tended to be) reduced 325 

under obesity conditions. The fact that obesity is associated to high circulating levels of resistin and 326 

leptin, together with the findings that these adipokines can directly downregulate adiponectin and/or 327 

resistin expression in PGs (results showed herein on in vitro PPCCs), lead us to suggest the possibility 328 

that an autocrine/endocrine negative feedback loop of these adipokine systems operates in PGs under 329 

obesity conditions which might be relevant from the (patho)-physiological point of view. In line with 330 

this, it has been previously suggested that obesity could promote the progression of prostate cancer 331 

and that different adipokines may provide a molecular mechanism whereby obesity exerts its effects 332 

on prostate tumor biology (54,55). Moreover, it has been recently reported that obesity-related 333 

metabolic perturbations in some components of the leptin/adiponectin-systems might be associated 334 

with more aggressive prostate cancer (56). 335 

In line with the above, our results demonstrate that treatment with leptin and resistin (which 336 

are both increased in obesity) in normal prostate cells significantly increase the expression of different 337 

proliferation markers associated with prostate cancer aggressiveness [i.e. Ki67, c-Myc and p53 338 

(57,58)]. These observations further support the notion for a direct association between alteration(s) in 339 

the local and/or circulating levels of different adipokine in obesity and altered behavior (increased 340 

aggressiveness) of prostate cells. However, further studies will be required to fully elucidate the role 341 

of locally produced and systemically derived leptin, adiponectin and resistin on normal PG function 342 

and in the development/progression of prostate hyperplasia. 343 

In terms of adipokine receptors at the prostate gland level, we found that Adipor1 and Adipor2 344 

were not altered under obese conditions but were upregulated after a short-term fasting period (12-h), 345 
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which is in line with previous report showing similar results in liver and skeletal muscle tissue (59). 346 

Interestingly, these results could be of particular relevance as adiponectin improves insulin sensitivity 347 

(3), which could suggest that these changes occur during fasting to improve glucose uptake. In 348 

addition, taking into account the hormonal changes associated to the different metabolic conditions 349 

(mouse models) used herein, and the in vitro evidence provided in this study, we could speculate that 350 

the reduction of circulating insulin (59), leptin and/or resistin (17-19) occurred during fasting, could 351 

lead to a higher sensitivity of the PG by the upregulation of both adiponectin receptors. In contrast, 352 

the expression of these two receptors was not altered in obesity, as it is observed in other tissues like 353 

liver, skeletal muscle or adipose tissue (13-16) suggesting that these changes are only observed under 354 

fasting conditions. Moreover, the expression of Lepr was not significantly altered in fasting or in 355 

obese conditions, which is consistent with previous studies implemented in other rat tissues (60).  356 

Finally, the results presented herein also demonstrate that, at the PG level, some adipokines 357 

can exert clear functional roles and that these systems display an ample landscape of homologous and 358 

heterologous regulations. Thus the treatment with these adipokines activated relevant signaling 359 

pathways, and modulated the expression of other adipokines and their receptors, as well as the 360 

expression of various proliferation markers. In particular, leptin increased the levels of 361 

phosphorylated ERK1/2, which was accompanied by a down-regulation of endogenous resistin and by 362 

an increase in the expression of Adipor1 and p53. In addition, although an specific resistin receptor 363 

has not been identified yet (12) and its presence in PG cells cannot be confirmed, resistin was able to 364 

reduce its own expression as well as the expression of adiponectin and Adipor2, while it clearly 365 

increased the expression of various proliferation markers associated with aggressiveness of prostate 366 

cell (i.e. Ki67, c-Myc and p53) (57,58). In contrast, adiponectin treatment did not alter any of the 367 

functional parameters analyzed in this setting. Accordingly, these direct actions, together with the 368 

local expression of adipokines and/or receptors in normal (present study) and tumoral (previous 369 

studies) (28,51) PGs, further support the notion that an autocrine/paracrine effect (i.e. a feedback 370 

regulatory loop) of some of these adipokines might operate in PG cells, which could be especially 371 

relevant under extreme metabolic conditions (especially in obesity or even in prostate cancer). 372 

Nonetheless, as mentioned above, future studies will be necessary to clarify the specific role of locally 373 
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produced vs. systemically derived leptin, adiponectin, resistin on normal PG function and in the 374 

development/progression of prostate hyperplasia/cancer. 375 

 376 

Conclusions 377 

When viewed as a whole, our data show for the first time that various adipokines/receptors-378 

systems are differentially expressed in normal PG-cells, and that their expression is under a complex, 379 

ligand/receptor-selective regulation under extreme metabolic conditions (i.e. fasting and obesity). 380 

Moreover, the present results demonstrate that leptin, adiponectin and resistin mediate common and 381 

distinct direct actions in normal PG-cells, including the homologous and heterologous regulation of 382 

the synthesis of these adipokines and/or their identified receptors, the modulation of specific 383 

proliferation markers and the activation of ERK-signaling pathway, which suggests a relevant role of 384 

these adipokines-systems in the regulation of PG patho-physiology.  385 

 386 

 387 

 388 

  389 
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Figure 1 – Adipokines (leptin, adiponectin and resistin) and receptors (leptin receptor and 548 

adiponectin receptors) profile in mouse prostate tissue and cell cultures. mRNA levels of leptin 549 

(Lep), adiponectin (Adipo), resistin (Resis) and their identified receptors (Adipor1, Adipor2 and Lepr) 550 

in whole prostate gland tissues (A, n=6) and in primary prostate cell cultures (PPCC) (B, n= 4 551 

individual experiments, 3 wells/experiment). Data represented as mean ± SEM (A and B) with the 552 

absolute copy number mean ± SEM. (C). Western blot of the adipose tissue marker FABP4 protein in 553 

various PPCC preparations (1-6). Visceral adipose tissue protein extract was used as positive control 554 

(+). L- Ladder (molecular weight marker). 555 

 556 

Figure 2 – Effect of fasting on adipokines (adiponectin and resistin) and receptors (leptin 557 

receptor and adiponectin receptors) expression profile in prostate. (A) Mice body weight. (B) 558 

mRNA levels of adiponectin (Adipo), resistin (Resis), leptin receptor (Lepr) and adiponectin 559 

receptors (Adipor1and Adipor2) in whole prostate gland tissues of mice under fed (0h; n=6) or fasting 560 

conditions (12h, n=6; 24h, n=5). Data are represented as mean ± SEM. Asterisks represent statistically 561 

significant differences (* p<0.05, **p<0.01). 562 

 563 

Figure 3 – Effect of obesity on adipokines (adiponectin and resistin) and receptors (leptin 564 

receptor and adiponectin receptors) expression profile in prostate. (A) Mice body weight. (B) 565 

mRNA levels of adiponectin (Adipo), resistin (Resis), leptin receptor (Lepr) and adiponectin 566 

receptors (Adipor1and Adipor2) in whole prostate gland tissues of mice under low-fat (control) or 567 

high-fat (obese) conditions (n=5/group) Data are represented as mean ± SEM. Asterisks represent 568 

statistically significant differences (* p<0.05, ***p<0.001). 569 

 570 

 571 
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Figure 4 – Direct effects of 24 h treatment of leptin, adiponectin and resistin on the expression 572 

profile of the adipokine system and on different proliferation markers in primary prostate cell 573 

cultures from mice. (A) mRNA levels of adiponectin (Adipo), resistin (Resis), leptin receptor (Lepr) 574 

and adiponectin receptors (Adipor1 and Adipor2). (B) mRNA levels of proliferation markers (Ki67, 575 

p53, c-Myc, Men1 and Pcna). Data are represented as mean ± SEM; n=3-4 individual experiments (2 576 

pooled prostates/experiment, 3 wells/treatment/experiment). Asterisks represent statistically 577 

significant differences (* p<0.05, **p<0.01, ***p<0.001). 578 

 579 

Figure 5 – ERK and AKT activation in response to leptin, adiponectin and resistin treatment in 580 

primary prostate cell cultures from mice. Ratio of ERK phosphorylation (pERK) vs. total ERK as 581 

well as ratio of AKT phosphorylation (p-AKT) vs. total AKT is showed after 8 min treatment with 582 

leptin, adiponectin or resistin determined by western-blot. Data are represented as mean ± SEM; n=3 583 

individual experiments (2 pooled prostates/experiment, 3 wells/treatment/experiment). Asterisks 584 

represent statistically significant differences (* p<0.05). 585 
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Supplementary Table S1: Specific set of primers used for the amplification of mouse 

transcripts by qPCR 

Gene Primer Sequence 
NCBI Reference 

Sequence 

Product 

Size 

B Actin (Actb) 
Se: CTGGGACGACATGGAGAAGA 

As: ACCAGAGGCATACAGGGACA 
NM_007393.2 205 

Cyclophilin A 

(CypA) 

Se: TGGTCTTTGGGAAGGTGAAAG 

As: TGTCCACAGTCGGAAATGGT 
NM_008907.1 109 

Hprt 
Se: CAGTCAACGGGGGACATAAA 

As: AGAGGTCCTTTTCACCAGCAA 
NM_013556 183 

Adiponectin 
Se: TGGAGAAGCCGCTTATGTGT 

As: GTCCCGGAATGTTGCAGTAG 
NM_009605.4 159 

Adiponectin 

receptor 1 

Se: CTTGACGATGCTGAGACCAAA 

As: AGTGTGGAAGAGCCAGGAGAA 

NM_001306069.1 

NM_028320.4 
118 

Adiponectin 

receptor 2 

Se: ATTTGGAGCCCAGCTTAGAGA 

As: TAAGCCAATCCGGTAGCACA 
NM_197985.3 225 

Leptin 
Se: TTGAGACAGTGAGCCCCAAG 

As: CTGGAACAAAACTCCCCACA 
NM_008493.3 183 

Leptin 

receptor 

Se: GGAAGGAGTTGGAAAACCAAAG 

As: TCCGAGCAGTAGGACACAAGA 

NM_146146.2 

NM_010704.2 

NM_001122899.1 

127 

Resistin 
Se: GGACAGGAGCTAATACCCAGAAC 

As: GGAAAAGGAGGGGAAATGAA 

NM_022984.4 

NM_001204959.1 
95 

c-Myc 
Se: TGAAGGCTGGATTTCCTTTG 

As: CGAGGTCATAGTTCCTGTTGGT 

NM_010849.4 

NM_001177353.1 
91 

Ki67 
Se: ACAGACTTGCTCTGGCCTACC 

As: CTTCCTCTTGGTTGGCGTTT 
NM_001081117.2 196 

Men1 
Se: CCACCTGCTGCGATTTTATG 

As: TCTGCTTCCCGGCTAACTATG 

NM_001168488.1 

NM_008583.2 

NM_001168489.1 

156 

P53 
Se: GGCAACTATGGCTTCCACCT 

As: CCGTCATGTGCTGTGACTTCT 

NM_011640.3 

NM_001127233.1 
199 

Pcna 
Se: GTGCAAAGAATGGGGTGAAG 

As: GACAGTGGAGTGGCTTTTGTG 
NM_011045.2 181 



Peptide/protein target
Antigen sequence (if 

known)
Name of Antibody

Manufacturer, catalog #, 

and/or name of individual 

providing the antibody

Species raised in; monoclonal or 

polyclonal
Dilution used

Phospho-Akt (Ser473) Phospho-Akt (Ser473) Antibody Cell Signal Technology, #9271 Rabbit; Polyclonal 1:1000

Akt Akt Antibody Cell Signal Technology, #9272 Rabbit; Polyclonal 1:1000

Phospho-Erk1/2 (Thr202/Tyr204)
Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb
Cell Signal Technology, #4370 Rabbit; Monoclonal  1:1000

FABP4 FABP4 (D25B3) XP
® Rabbit mAb Cell Signal Technology, #3544 Rabbit; Monoclonal  1:1000

Erk2 (and to a lesser extent, ERK1) ERK 2 (C-14) antibody
Santa Cruz Biotechnology, sc-

154
Rabbit; Polyclonal 1:1000

Rabbit IgG HRP-linked Anti-rabbit IgG, HRP-linked Antibody Cell Signal Technology, #7074 Goat 1:2000
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Adipokines (Leptin, Adiponectin, 
Resistin  Diferentially Regulate 
All (ormonal Cell Types in Primary 
Anterior Pituitary Cell Cultures from 
Two Primate Species
André Sarmento-Cabral , , , , , Juan R. Peinado , Lisa C. (alliday , María M. Malagon , , , , 

Justo P. Castaño , , , , , Rhonda D. Kineman ,  & Raúl M. Luque , , , ,

Adipose-tissue AT  is an endocrine organ that dynamically secretes multiple hormones, the adipokines, 
which regulate key physiological processes. (owever, adipokines and their receptors are also expressed 
and regulated in other tissues, including the pituitary, suggesting that locally- and AT-produced 
adipokines might comprise a regulatory circuit that relevantly modulate pituitary cell-function. 
(ere, we used primary pituitary cell-cultures from two normal nonhuman-primate species [Papio-
anubis/Macaca-fascicularis] to determine the impact of diferent adipokines on the functioning of all 
anterior-pituitary cell-types. Leptin and resistin stimulated G(-release, a response that was blocked by 
somatostatin. Conversely, adiponectin decreased G(-release, and inhibited G(R(-, but not ghrelin-
stimulated G(-secretion. Furthermore:  Leptin stimulated PRL/ACT(/FS(- but not L(/TS(-release; 

 adiponectin stimulated PRL-, inhibited ACT(- and did not alter L(/FS(/TS(-release; and  resistin 
increased ACT(-release and did not alter PRL/L(/FS(/TS(-secretion. These efects were mediated 
through the activation of common AC/PKA  and distinct PLC/PKC, intra-/extra-cellular calcium, 
P) K/MAPK/mTOR  signaling-pathways, and by the gene-expression regulation of key receptors/
transcriptional-factors involved in the functioning of these pituitary cell-types e.g. G(R(/ghrelin/
somatostatin/insulin/)GF-)-receptors/Pit- . Finally, we found that primate pituitaries expressed leptin/
adiponectin/resistin. Altogether, these and previous data suggest that local-production of adipokines/
receptors, in conjunction with circulating adipokine-levels, might comprise a relevant regulatory circuit 
that contribute to the ine-regulation of pituitary functions.

Adipose tissue is a metabolically active organ that secretes multiple adipokines, including classical leptin, adi-
ponectin, and resistin, which exert essential physiological functions1,2. he plasmatic levels of these adipokines, 
mainly derived from fat depots, are inely regulated under diferent metabolic conditions such as obesity, fasting, 
diabetes, etc.3. Interestingly, these adipokines and their receptors4 have been found to be also widely expressed 
in other key endocrine tissues and organs (e.g. hypothalamus, muscle, pancreas or liver), suggesting that circu-
lating and/or locally-produced, adipokines might comprise a relevant regulatory circuit to modulate numerous 
endocrine functions in multiple cell types (i.e. lipid metabolism, glucose homeostasis, body composition, etc.)3,5,6.
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In line with this, we have previously reported evidence suggesting that circulating leptin levels may inform 
pituitary cells of fat stores, so that they can respond by secreting pituitary hormones, such as growth hormone 
(GH), to control lipolysis and adiposity7. In fact, several observations by our group and others have provided 
evidence suggesting that pituitary GH-producing cells might play an important role as a metabolic sensor of 
the organism, where hypothalamic signals are unable to compensate to normalize GH output8,9. hese obser-
vations highlight the importance of the pituitary gland, oten referred to as the “master endocrine gland” of the 
organism, as a metabolic sensor in the body, able to gauge the status of fat stores to optimize body composition. 
Indeed, it has been shown that leptin, adiponectin, resistin and some of their receptors (i.e. leptin-R, Adipo-R1 
and Adipo-R2; resistin receptors are not unequivocally identiied yet10) are expressed and inely regulated at the 
pituitary level under diferent metabolic conditions11–18. Moreover, an elegant study from the group of G.V. Childs 
using tissue-speciic leptin knockout (adipocytes vs. pituitary) revealed that although normal GH secretion may 
require the coordinated actions of both adipocyte and pituitary leptin, only pituitary leptin is essential to main-
tain somatotrope numbers and GH mRNA levels9. hus, all these data suggest a potential functional implication 
of an autocrine/paracrine loop in the production and regulation of these adipokines and their receptors at the 
pituitary level.

However, to date, the direct actions of diferent adipokines on the pituitary gland remain controversial, and 
available studies in normal pituitary cells are limited to non-primate species. Speciically, most studies on the 
direct actions of adipokines have employed whole pituitaries or cultured pituitary cells, and have revealed that 
leptin, adiponectin and resistin can exert direct, relevant efects at the pituitary level, irrespective of the primary 
hypothalamus regulation. hus, leptin can either, stimulate, inhibit, or have no efect on the secretion of a given 
anterior pituitary hormone depending on the dose used, duration of treatment, and animal model tested19–29. 
Similarly, adiponectin can directly stimulate or inhibit pituitary hormone secretion in non-primate species (i.e. 
rats and pigs18,30–32); and, to the best of our knowledge, the only akin study reported to date indicated that resistin 
stimulates GH secretion in cultured rat pituitary cells33. In humans, particularly, the precise efects of diferent 
adipokines on the secretion of anterior pituitary hormones and the relative contribution of central vs. direct 
pituitary actions remains a subject of intense debate. Speciically, our understanding of the direct efects of leptin, 
adiponectin and resistin on human pituitary hormone secretion derives from a limited, and discordant number 
of studies conducted in a few human pituitary adenomas cell cultures. hese studies indicated that adiponec-
tin could stimulate basal adrenocorticotropic hormone (ACTH) secretion in human corticotroph tumours30, 
whereas leptin could either stimulate follicle-stimulating hormone (FSH) and α -subunit secretion from a 
non-functioning adenoma34, or inhibit GH release from adenomatous GH-secreting cells35. In contrast, another 
study reported that leptin treatment did not inluence the secretion of GH, FSH, luteinizing hormone (LH) or 
α -subunit in human GH-secreting adenomas36.

herefore, to date, no studies have been reported on suitable, close models to ascertain how leptin, adiponec-
tin and resistin can modulate directly the function of all the anterior pituitary cell types in normal adult humans 
or in a close primates species, and what are the intracellular signaling pathways activated by these adipokines 
to exert these actions. Accordingly, in the present study, we aimed at determining, for the irst time, the direct 
efects of leptin, adiponectin and resistin on the expression and secretion of all anterior pituitary hormones [GH, 
prolactin (PRL), FSH, LH, ACTH and thyroid-stimulating hormone (TSH)] in two primate models species that 
closely resemble human physiology: Papio anubis (baboons) and Macaca fascicularis37,38. In addition, we also 
used primary pituitary cell cultures from baboons to better understand the mechanisms behind these actions, by 
evaluating the efects of these adipokines on the expression of diferent key receptors and transcriptional factors 
involved in the normal functioning of the pituitary cell types, and by assessing the precise contribution of difer-
ent signalling pathways using standard pharmacological (inhibitory) approaches.

Results and Discussion
To date, no studies have reported the direct efects of leptin, adiponectin and resistin on the function of all pitui-
tary cell types in normal adult human or primate species. herefore, the present study provides the irst evidence 
to support a plausible direct role of these adipokines in the regulation of pituitary cell function in two non-human 
primate models.

Direct efects of leptin, adiponectin and resistin on somatotrope function of baboons. Firstly, 
we carried out a dose-response experiment (4h-incubation) with leptin, adiponectin and resistin in baboons and 
measured GH secretion from primary pituitary cell cultures. Treatment with these adipokines directly, and dif-
ferentially, regulated basal GH secretion, namely, leptin and resistin stimulated, whereas adiponectin decreased it 
(Fig. 1). However, only leptin exerted its efects in a dose-dependent manner (Fig. 1A), being 10 ng/ml the most 
efective dose (∼ 2-fold increase vs. vehicle-treated control). On the opposite, adiponectin and resistin did not 
induce a dose-dependent efect, as all the doses tested caused a similar regulation on GH secretion (Fig. 1B and C, 
respectively). hese observations are consistent with some, but not all28,31, early reports showing that leptin19,21,26 
and resistin32,33 enhance, while adiponectin inhibits32,33, GH release from pituitary cell cultures of non-primate 
species. According to these results, the doses of 10 ng/ml of leptin, 10 nM of adiponectin and 0.1 nM of resistin 
(the lowest doses that caused maximal efects on GH secretion) were chosen to further explore the actions of 
these adipokines at the anterior pituitary level of primates, which are on the range of physiological concentrations 
of these hormones in the human/baboon circulation39–48. In line with this, it should be mentioned that the plasma 
concentration found for resistin in baboons is signiicantly lower compared to adiponectin concentrations [i.e. 
0.5 nM for resistin vs. 2.4 or 447 nM for adiponectin], which could, in part, explain why in our study the concen-
tration of adiponectin afecting GH release in vitro is 100 times higher than that of resistin.
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Interaction of leptin, adiponectin and resistin with primary regulators of somatotrope function in baboon cell  
cultures. he mechanisms that regulate somatotrope function are complex, for multiple central and peripheral 
factors can directly and indirectly control and modulate, alone or in conjunction, GH expression and secretion8. 
herefore, and based on the results showed in Fig. 1, we sought to determine the potential interaction between 
leptin, adiponectin, and resistin with the primary regulators of GH secretion (i.e. GHRH, ghrelin and SST49–52) 
ater a 4h-incubation. As previously observed, leptin and resistin alone stimulated, while adiponectin decreased 
basal GH release (Fig. 2). Moreover, as shown earlier49–51, GHRH and ghrelin alone (10 nM) stimulated GH 
release in baboon cell cultures, whereas SST alone (100 nM) tended to decrease basal GH release (although this 
latter efect did not reach statistical signiicance) (Fig. 2). Notably, comparison of the stimulatory efect of leptin 
or resistin with GHRH or ghrelin revealed that the efects of these two adipokines were slightly, but signiicantly, 
less intense than that evoked by GHRH or ghrelin (176%, 157%, 206% and 220%, respectively; control set at a 
100%; Fig. 2).

Co-incubation of leptin or resistin with GHRH and ghrelin did not alter the stimulatory actions of GHRH/
ghrelin on GH secretion from primary pituitary cell cultures of baboons (Fig. 2), suggesting that leptin and resis-
tin could trigger common intracellular signaling pathways with GHRH and ghrelin to stimulate GH release (as 
discussed further below). Previous data available, derived from early studies conducted in non-primate species 
(i.e. ovine, bovine, pig and rat) have shown that leptin can either inhibit29,53, stimulate21, or have no efect26,29,54 on 
GHRH-stimulated GH release from cultured anterior pituitary cells. hese discrepancies may be due, in part, to 
the time of incubation (short vs. long periods), cell preparation (i.e. primary cell cultures, explants, etc.), culture 
conditions, and/or age studied, but also, most likely, to fundamental diferences in the physiology of somatotropes 
from diferent species. Nevertheless, to our knowledge, this is the irst report on the direct interaction between 
leptin and ghrelin, or between resistin and GHRH or ghrelin, at the anterior pituitary level using primary pitu-
itary cultures of a normal, intact, cellular model. However, it should be mentioned that further support for a 
direct interaction between leptin and ghrelin at the pituitary level was originally provided by data showing that 

Figure 1. Dose response (4 h) of leptin (1, 10 and 100 ng/ml; n = 6), adiponectin (10, 100 and 1000 nM; 
n = 5) and resistin (0.1, 10 and 1000 nM; n = 5) on baboon GH release. Data are expressed as percent of 
control (set at 100%) and represent the mean ±  SEM (n =  5–6 individual experiments, 3–4 wells/experiment). 
Values that do not share a common letter (A,B and C) are statistically diferent.

Figure 2. Efect of 4 h treatment of GHRH (10 nM), ghrelin (10 nM) and SST (10 nM) in absence or 
presence of leptin (10 ng/ml), adiponectin (10 nM) or resistin (0.1 nM) on GH secretion in primary 
pituitary cell cultures from baboons. Data are expressed as percent of control (set at 100%) and represent the 
mean ±  SEM (n =  4 individual experiments, 3–4 wells/experiment). Values that do not share a common letter 
(A,B,C and D) are statistically diferent.
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ghrelin treatment alone, or in combination with GHRH, stimulated or rescued GH store and/or secretion in the 
pituitary of a mutant mouse model lacking leptin receptor from somatotropes to the normal levels found in the 
control-intact model, suggesting that pituitary ghrelin is involved in optimizing the somatotrope responsiveness 
to primary regulators of somatotrope function55.

Remarkably, this is also the irst report demonstrating that SST is capable to directly block the stimulatory 
actions of both adipokines, leptin and resistin, on GH release (Fig. 2), which might suggest the existence of a 
putative association between SST levels and the leptin- and resistin-induced GH release at the pituitary level. In 
direct support of this notion, a previous study showed that the direct stimulatory actions of leptin on GH secre-
tion required a reduction in the SST tone from porcine cultured median eminence-pituitaries co-incubated with 
the anterior pituitary cells26.

In contrast, adiponectin was able to fully block the stimulatory actions of GHRH, but not ghrelin, on baboon 
GH secretion. hese observations are opposite to those previously published by our group using primary pituitary 
cell cultures of rats32,33, which showed that, although treatment with adiponectin alone stimulated GH release 
from rat pituitary cell cultures [similar observation to the present study with baboon cell cultures (Figs 1 and 
2)], when co-incubated, adiponectin blocked the stimulatory efect of ghrelin, but not GHRH, on rat GH secre-
tion. Hence, the diferences between these two studies, together with the discrepancies discussed previously on 
the co-administration of leptin and GHRH, would suggest that the interactions of leptin or adiponectin with 
the primary positive regulators of GH release (i.e. GHRH and ghrelin) are not fully conserved across species. 
Notwithstanding, in support of our observation of the speciic inhibitory efect of adiponectin on the actions of 
GHRH, but not ghrelin, is also the fact that adiponectin treatment was able to signiicantly reduce the expression 
of baboon GHRH, but not ghrelin, receptor (as will be further discussed below).

When viewed together, these results reinforce the idea that the control of GH secretion from the pituitary is a 
very complex and dynamic process, where multiple hypothalamic and systemic regulators (i.e. GHRH, ghrelin, 
SST, glucocorticoids, insulin/IGF-I, etc.8,49,50,52,56,57), together with diferent adipokines [i.e. leptin, adiponectin 
and resistin (present study and Refs 19, 21, 26, 32 and 33)], contribute to inely regulate GH secretion from soma-
totrope cells, which can thereby act as a metabolic sensor of the body, detecting precise levels of fat stores, and 
responding to optimize body composition8.

Direct efect of leptin, adiponectin and resistin on the function of all the anterior pituitary cells 
of two primate models at short  h  and long  h  periods of incubations. We next explored and 
compared the actions of leptin, adiponectin and resistin on the secretion of the all the anterior pituitary cell types 
in baboon cell cultures at diferent periods of incubations (Fig. 3). Speciically, we found that a 4h-incubation 
with: (1) leptin increased GH, PRL, ACTH and FSH but did not alter LH or TSH release; (2) adiponectin 
decreased GH and ACTH, increased PRL and did not modify FSH, LH and TSH secretion; and, (3) resistin 
increased GH and ACTH but did not alter PRL, FSH, LH or TSH release. Interestingly, our data also revealed that 

Figure 3. Time response (4 h and 24 h; n = 5 and n = 4, respectively) of leptin (10 ng/ml), adiponectin 
(10 nM) or resistin (0.1 nM) on GH, PRL, ACTH, FSH, LH and TSH secretion in primary pituitary cell 
cultures from baboons. Data are expressed as percent of control (set at 100%) and represent the mean ±  SEM 
(n =  4–5 individual experiments, 3–4 wells/experiment). Asterisks indicate values that signiicantly difer from 
their respective control values *p <  0.05, **p <  0.01.
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only the stimulatory efect of leptin on GH, PRL and ACTH release was maintained ater 24 h of incubation, and 
that maximal hormone release was already achieved ater 4 h of incubation [i.e. no further quantitative rise was 
appreciable above the initial stimulation observed at 4 h (Fig. 3A,B,C)]. Accordingly, it is tempting to speculate 
that leptin would exert its pituitary actions on hormonal secretions through diferent, at least partially dissimilar 
mechanisms and/or signaling pathways than those involved in the efects of adiponectin and/or resistin, as will 
be further discussed below. Nevertheless, these observations are consistent with early reports showing that leptin 
can stimulate the secretion of GH in human fetal pituitary cells58 and in pigs, rats and mice19,21,26, of PRL in ish25 
and, of FSH in sheep and rats23,27 in vitro. Moreover, further support for a direct positive involvement of leptin 
signaling on the regulation of GH, FSH and PRL expression and/or secretion is provided by reports showing that 
mutants mouse models lacking leptin receptor speciically from somatotropes59 or gonadotropes60 had reduced 
mRNA and/or serum levels of GH, FSH and/or PRL, and that the selective reexpression of leptin receptor in 
gonadotropes increased FSH levels and improved fertility of leptin-receptor null female mice61 which, altogether, 
suggest that pituitary leptin signaling might act as a key autocrine/paracrine component that could contribute to 
the ine regulation of somatotrope, lactotrope and gonadotrope function. However, our data and these previous 
results are also diferent to earlier reports showing that leptin does not have any efects on PRL, ACTH or LH 
release from human fetal pituitary cells58 or can either decrease or not alter GH and FSH from sheep species23,28,29. 
he discrepancies between these studies might be explained by the diferences on the models used (i.e. diferences 
between species), the age, sex and/or reproductive status of the donor, culture conditions and/or experimental 
approach employed, time of incubation used, or on the time of the day when the experiments were performed. 
For this reason, further studies will be required to fulill our understanding on the complex regulatory process 
exerted by leptin and other adipokines at the pituitary level, and to fully elucidate the cellular and molecular 
mechanisms underlying the diferential efects observed in these studies.

Nonetheless, in the present work, we demonstrate for the irst time that leptin, adiponectin and resistin are 
able to directly regulate speciic populations of anterior pituitary cells from a non-human primate species (i.e. 
somatotrope, lactotrope and corticotrope, but not thyrotrope, cells, while gonadotrope cells were only regulated 
by leptin in terms of FSH, but not LH, release). Interestingly, the efects of leptin and resistin on the regula-
tion of pituitary hormonal secretions were always stimulatory (Fig. 3A–D); however, we found that adiponectin 
was capable to oppositely regulate the function of diferent pituitary cell types, in that it inhibited somatotrope 
and corticotrope but stimulated lactotrope function (Fig. 3A–C). In order to evaluate whether these efects fol-
low a similar regulatory pattern on the pituitary cells of another primate model available at our institution (the 
macaque), we carried out a similar experimental approach to that previously presented in baboon cell cultures at 
4 h of incubation (Fig. 3). Remarkably, we found the same direct efects of leptin, adiponectin and resistin on all 
the anterior pituitary hormonal secretions in primary pituitary cell cultures from macaques (Fig. 4) and baboons 
(Fig. 3), with the exception of a trend (non-statistically signiicant) in the increase in FSH release in the macaque 
cell cultures (Fig. 4D). Overall, these novel results demonstrate that the efects of leptin, adiponectin and resis-
tin are conserved across the two primate models analyzed in this study, two species that closely model human 

Figure 4. Direct efect of 4 h treatment of leptin (10 ng/ml), adiponectin (10 nM) or resistin (0.1 nM) on 
GH, PRL, ACTH, FSH, LH and TSH secretion in primary pituitary cell cultures from macaques. Data are 
expressed as percent of control (set at 100%) and represent the mean ±  SEM (n =  3 individual experiments, 
3–4 wells/experiment). Asterisks indicate values that signiicantly difer from their respective control values 
*p <  0.05, **p <  0.01.
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genetics and physiology37,38. herefore, based on these results, it is tempting to speculate that these adipokines 
may exert similar efects in anterior pituitary cells of humans; however, it is obvious that future studies need to be 
performed to elucidate the possible physiological, distinct role of these adipokines in normal pituitary cells from 
human and non-human primates.

Potential factors/mechanisms involved in the leptin/adiponectin/resistin-induced regulation of 
all anterior pituitary cell functions from baboons. Our data indicated that the actions of leptin, adi-
ponectin and resistin in the pituitary of baboons were not conined to the regulation of hormonal secretions, but 
also included regulation of the synthesis of diferent hormones, key receptors and transcription factors involved 
in the modulation of pituitary cell function.

Direct efects of leptin, adiponectin and resistin on hormone synthesis of anterior pituitary cell types and recovery of 
total RNA. To our knowledge, no previous studies have described the direct actions of these adipokines in the 
synthesis of all the anterior pituitary hormones in humans or non-human primates. Our data indicated that the 
observed stimulatory efects of leptin on baboon GH, PRL and ACTH secretion (Fig. 3A–C) might be directly 
associated to an increase in the expression of these hormones [i.e. GH, PRL and proopiomelanocortin (POMC; 
the ACTH precursor); Fig. 5A]. Moreover, we also found that leptin did not alter FSH, LH and TSH expres-
sion (Fig. 5A), which supports the lack of efect observed at 24 h of incubation in the release of these hormones 
(Fig. 3D–F). On the other hand, treatment with adiponectin or resistin did not alter the expression of any of the 
anterior pituitary hormones (Fig. 5A). Consequently, these data indicate that, whereas the pituitary actions of 
leptin contribute to both the hormonal synthesis and release of speciic cell types (i.e. somatotrope, lactotrope and 
corticotropes, but not to gonadotropes and thyrotropes), the efects of adiponectin and resistin only contribute 
to modulate the secretory vesicle release, but not the expression levels, of GH and ACTH (and PRL in the case 
of adiponectin). In this sense, it has been previously suggested that the efect of leptin on GH expression/release 
might be associated to the regulation of cell proliferation, DNA synthesis and/or advanced apoptosis62; however, 
it should be noted that the efects of leptin on pituitary cell proliferation or apoptosis in vitro have been mainly 
derived from limited studies conducted in immortalized cultured anterior pituitary cell lines (GH3 or HP75cells), 
which, in general, indicated that leptin reduced proliferation and increased apoptosis in these cells62–64. To our 
knowledge, no studies have described to date the efects of adiponectin and resistin in proliferation or apoptosis. 
Due to the limited amount of cells obtained ater dispersion of the primate pituitaries, we could not test the efect 
of these adipokines on proliferation or apoptosis. However, as an indirect measurement of the maintenance of 

Figure 5. Efect of leptin (10 ng/ml), adiponectin (10 nM) or resistin (0.1 nM) on mRNA expression of: (A) 
GH, PRL, POMC, FSH, LH, TSH; (B) key receptors involved in the functioning of diferent pituitary cell-
types (GHRH-R, GHS-R, sst1, sst2, sst5, INS-R, IGFI-R, DR2, CRH-R and Kiss1-R; and, (C) the pituitary 
transcription factor-1 (Pit-1) in primary pituitary cell cultures from baboons. Data are expressed as percent 
of control (set at 100%) and represent the mean ±  SEM (n =  4 individual experiments, 3–4 wells/experiment). 
Asterisks indicate values that signiicantly difer from their respective control values; *p <  0.05.
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cell number ater the treatments with vehicle-control or leptin, adiponectin and resistin 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 adipokines-treated samples across experiments were markedly constant (RNA concentration 
measure using the Ribogreen RNA quantiication kit, Molecular Probes, Eugene, OR), which indirectly suggests 
that the treatment with these adipokines did not afect cell viability in normal primary pituitary cell cultures 
(data not shown). In support of this notion is the only previous study using human primary pituitary cell cultures 
obtained from adenoma samples, which showed that leptin administration in vitro did not signiicantly inluence 
cell proliferation36.

he sensitivity of speciic anterior pituitary cells to their classical regulatory factors is altered in response to leptin, 
adiponectin and resistin administration. Notably, we also found that these adipokines not only regulate pituitary 
hormone expression and secretion, but also the sensitivity of somatotropes, lactotropes and/or corticotropes to 
some of their well-known regulatory factors (i.e. GHRH, ghrelin, SST, dopamine, corticotropin-releasing hor-
mone (CRH), insulin and IGF-I; Fig. 5B)8,49,50,56,65,66. Speciically, leptin treatment did not alter the expression of 
the receptors for GHRH, ghrelin or CRH, three key stimulatory signals for somatotrope, lactotrope and corti-
cotrope cells. Conversely, leptin signiicantly reduced the expression of various inhibitory receptors involved in 
the regulation of the function of these pituitary cells types (i.e. SST-receptor subtypes sst1, sst2, and sst5, as well 
as insulin and IGF-I receptors; Fig. 5B), which, in conjunction, might also be serving to enhance the stimulatory 
efects of leptin on the pituitary hormone expression and release observed in this primate model. In support 
of these results, as pointed above, a previous study showed that the direct stimulatory actions of leptin on GH 
secretion required a reduction in the somatostatinergic tone from porcine cultured median eminence-pituitaries 
co-incubated with the anterior pituitary cells26. In addition, we also found that adiponectin treatment was able 
to decrease the pituitary sensitivity of GHRH by reducing the expression of its receptor (Fig. 5B), which might 
also be a regulatory mechanism involved in the inhibitory efects exerted by adiponectin on baboon GH release. 
Finally, resistin treatment also inhibited sst2 expression in baboon pituitary cells (Fig. 5B), which might also con-
tribute to the resistin-induced GH and ACTH release observed in baboon pituitary cell cultures.

Pit-1 may be a key factor involved in the regulation of somatotrope and lactotrope function in response to leptin.  
Given the critical role played by the pituitary transcription factor-1 (Pit-1) in the normal function of the somato-
trope and lactotrope populations (i.e. cell proliferation and GH and PRL expression)67–69, we studied whether Pit-1 
expression was altered in response to leptin, adiponectin and resistin. Speciically, treatment with leptin, but not 
with adiponectin or resistin, augmented Pit-1 expression in baboon pituitary cells (Fig. 5C), which suggests that 
the exclusive stimulatory efect of leptin on GH and PRL expression and secretion at 24 h of incubation (Fig. 5A) 
might involve an increased in Pit-1 expression (Fig. 5C). In fact, further support for a direct positive association 
between leptin signaling and GH, PRL and Pit-1 expression levels is a recent report demonstrating that adult 
female, but not male, mice lacking leptin receptor from somatotropes had reduced GH, PRL and Pit-1 protein 
levels in somatotropes, suggesting a sex-dependent role for leptin in the control of GH, PRL and Pit-1 levels70.  
Remarkably, this study also showed that Pit-1 protein was increased in response to leptin stimulation, which 
reinforce the idea that leptin might regulate GH levels through stimulation of Pit-1, but also that Pit-1 might be a 
target of leptin, at least in female mice.

)ntracellular signaling pathways involved in leptin-, adiponectin, and resistin-induced hormonal  
secretions at the baboon anterior pituitary level. To date, only limited and fragmentary data in 
non-primate species23,25,30,31,33, or no information, is available on the signaling pathways implicated in the regu-
lation of pituitary hormone secretion by leptin, adiponectin or resistin. hus, this is the irst study analyzing the 
precise contribution of major intracellular signaling pathways to the direct efects evoked by these adipokines on 
multiple anterior pituitary hormone secretions (i.e. GH, PRL, ACTH and FSH release; based on results in Fig. 3).

Signaling pathways involved in adipokine-regulated GH secretion. Our result indicated that the stimulation of 
GH elicited by leptin at the pituitary is mediated through AC/PKA, PLC/PKC, PI3K and extra-/intra-cellular 
Ca2+ mobilization, but does not require mTOR and MAPK activation (Fig. 6A). In contrast, the set of 
second-messenger pathways required by adiponectin to inhibit, and by resistin to stimulate, GH release seems 
to be more limited than that required for leptin release, involving AC/PKA, PI3K and extra-/intra-cellular Ca2+ 
mobilization (but not PLC/PKC, mTOR or MAPK activities) in the case of adiponectin (Fig. 6A) and, AC/PKA, 
mTOR and PI3K (but not PLC/PKC or MAPK activation, or extra-/intra-cellular Ca2+ mobilization) in the case 
of resistin (Fig. 6A).

Signaling pathways involved in adipokines-regulated PRL secretion. We found that the leptin- and 
adiponectin-induced PRL release in primary pituitary cell cultures from baboons is mediated through the same 
signaling pathways, involving AC/PKA and PI3K activation and extra-/intra-cellular Ca2+ mobilization (but not 
PLC/PKC, mTOR or MAPK activities) (Fig. 6B).

Signaling pathways involved in adipokines-regulated ACTH secretion. Inhibition of AC/PKA, PLC/PKC, 
PI3K and extra-/intra-cellular Ca2+ mobilization, but not of mTOR and MAPK activities completely blocked 
leptin-induced ACTH secretion (Fig. 6C), which remarkably parallels that found previously to mediate the 
actions of leptin on GH release (Fig. 6A). However, only inhibition of AC/PKA and PI3K, but not of PLC/PKC, 
mTOR and MAPK activities or extra-/intra-cellular Ca2+ mobilization, efectively blocked resistin-mediated 
ACTH release (Fig. 6C). Furthermore, we found that the inhibitory efect of adiponectin on ACTH secretion is 
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mediated through AC/PKA, PI3K and extra-/intra-cellular Ca2+ mobilization because incubation with speciic 
blockers of these routes, but not with PLC/PKC, mTOR or MAPK inhibitors, completely blocked its inhibitory 
efect on ACTH release (Fig. 6C).

Signaling pathways involved in leptin-regulated FSH secretion. Finally, our results revealed that the exclusive 
stimulation of FSH evoked by leptin at the pituitary was mediated through AC/PKA, PLC/PKC, PI3K and extra-/
intra-cellular Ca2+ mobilization, but did not require mTOR and MAPK activation (Fig. 6A), which also parallels 
that found previously to mediate the actions of leptin on GH and ACTH secretion.

herefore, our present observations applying a standard pharmacological approach by use of speciic inhibi-
tors to speciically block selected, diferent signaling pathways provide the irst evidence demonstrating that the 
direct efects elicited by leptin, adiponectin and resistin on anterior pituitary GH, PRL, ACTH or FSH secretions 
involved the activation of both common (AC/PKA) and distinct (PLC/PKC, intra-/extra-cellular calcium, mTOR, 
PI3K and/or MAPK) signaling pathways to exert their efects on these hormonal secretions in primary pituitary 
cell cultures from baboons.

Potential role of locally-produced pituitary leptin, adiponectin and resistin on pituitary cell 
functions. Finally, we explored whether leptin, adiponectin and resistin were expressed in the anterior pitu-
itary glands of baboons and macaques. Speciically, we found that these adipokines were expressed at diferent 
levels in the pituitary of these primate models, being the expression of adiponectin > leptin > resistin [mean 
absolute mRNA copy number ±  SEM per 0.05 µ g of total RNA in Baboon (287 ±  66, 86 ±  26, 22 ±  4) and macaque 
(144 ±  60, 74 ±  17, 22 ±  3) pituitaries, respectively]. In line with this, although AT is considered the major source 
of circulating leptin, adiponectin and resistin, other endocrine tissues, including the pituitary, also express these 
adipokines and their receptors71. herefore, it is possible that local production of these adipokines, together with 
their circulating levels, might also contribute to mediate tissue-speciic efects. In fact, it has been demonstrated 
that: (1) leptin, adiponectin and resistin are expressed in the pituitary gland of diferent species; (2) leptin-receptor 

Figure 6. Intracellular signaling pathways of leptin-, adiponectin-, and resistin-regulated baboon GH (A), ACTH 
(B), PRL (C) and FSH (D) release. Efect of inhibition of AC (MDL-12,330 A; 10 µ M), PKA (H89; 15 µ M), PLC 
(U73122; 50 µ M), PKC (Go6983; 20 µ M), extracellular Ca2+ channels (nifedipine; 1 µ M), intracellular Ca2+ stores 
channels (thapsigargine; 10 µ M), mTOR (Rapamycin; 10 µ M), PI3K (Wortmannin; 1 µ M) or MAPK (PD98,059; 
10 µ M) on Adipokines-stimulated pituitary hormonal release in primary pituitary cell cultures from baboons. 
Values are expressed as percent of vehicle-treated control without inhibitor (shown by the dotted line set at 100%; 
presence of inhibitors alone did not afect basal hormone release compared with vehicle-treated-controls), and 
represent the mean ±  SEM (n =  4 individual experiments, 3–5 wells/experiment). Values that do not share a 
common letter (A,B,C,D) are statistically diferent. (*p <  0.05).
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is expressed in all the pituitary cells types and adiponectin-receptors are also present in the pituitary, (3) pituitary 
leptin, adiponectin and resistin expression is directly regulated by diferent, central and systemic, factors as well 
as under diferent metabolic conditions (e.g. glucocorticoids, testosterone, fasting, etc.), and; (4) leptin is local-
ized in secretory vesicles, oten with other pituitary hormones (i.e.GH, LH/FSH, ACTH, TSH but not PRL)71–73. 
Altogether, these indings suggest that locally produced leptin, adiponectin and resistin might inluence pituitary 
hormone secretion by diferently targeting the appropriate cellular population. Moreover, previous studies have 
shown that mice with somatotrope-speciic deletion of leptin had a reduced number of GH-producing cells and 
serum PRL levels74, and that mice with somatotrope- or gonadotrope-speciic deletion of leptin signaling [i.e. lep-
tin receptor(s) knockouts] are GH deicient and have some important metabolic disturbances (e.g. become obese 
or have a signiicant delay in pregnancy and reduced number of pups/litter, respectively)60,75,76, which indicates 
that the pituitary source of leptin is important to maintain local regulatory control of GH and PRL levels, and that 
pituitary leptin signaling, at least at the somatotrope/gonadotrope level, is also important to preserve normal met-
abolic function. Although more experiments are required to fully elucidate the physiologic signiicance of these 
indings in the pituitary, our data and the previous indings give credence to the possibility that local production 
of adipokines and their receptors might comprise a relevant regulatory circuit that contribute, in conjunction 
with circulating adipokine levels, to the ine regulation of pituitary functions.

Summary
he present study demonstrates, for the irst time, that leptin, adiponectin, and resistin directly regulate the func-
tion of the majority of the anterior pituitary cell types in two primate species (baboons and macaques), and 
that their actions are highly conserved in both primate models, two species that closely model human genetics 
and physiology37,38. Speciically, leptin and resistin stimulated GH-release, a response that was blocked by SST, 
whereas adiponectin decreased GH-secretion, and inhibited GHRH-, but not ghrelin-stimulated GH-release. 
Moreover, these adipokines regulate the function of lactotrope (stimulatory: leptin/adiponectin), corticotrope 
(stimulatory: leptin/resistin; inhibitory: adiponectin) and gonadotrope (stimulation of FSH only by leptin) cells. 
In addition, our data suggest that the pituitary actions of leptin contribute to both hormone synthesis and release, 
while the efects of adiponectin and resistin only contribute to modulate the secretory vesicle release, but not gene 
expression levels, in these pituitary cell types. Furthermore, our data indicated that the actions of these adipokines 
in the pituitary were not only conined to the regulation of hormonal synthesis and/or secretions but also include 
regulation of the synthesis of key receptors (i.e. GHRH-R, sst1/2/5, etc.) and transcription factors (i.e. Pit-1) 
involved in the modulation of pituitary cell function. Finally, the direct pituitary efects of these adipokines on 
hormonal secretions were mediated through the activation of both common (AC/PKA) and distinct (PLC/PKC, 
intra-/extra-cellular calcium, mTOR, PI3K and/or MAPK) signaling pathways. Altogether, given the important 
regulatory actions that GH, PRL, ACTH and FSH play at multiple levels to inely tune the homeostasis of the 
organism7,8,77,78, the data presented herein suggest that local-production of adipokines and their receptors, in 
conjunction with circulating adipokine levels, might comprise a relevant regulatory circuit that contribute to the 
ine regulation of pituitary hormonal expression/release, which reinforce the importance of the pituitary gland as 
a metabolic sensor in the body.

Material and Methods
Reagents. All reagents, peptides, and inhibitors of signaling pathways used in this study were purchased from 
Sigma-Aldrich unless otherwise speciied. Somatostatin (SST) was purchased from Phoenix Pharmaceuticals.  
α -Minimum essential media, HEPES, horse serum, and penicillin-streptomycin were obtained from Invitrogen. 
U73122 was purchased from Cayman Chemical.

Animals and tissue collection. Pituitary glands were obtained from randomly cyclic female baboons 
(Papio Anubis; n =  7; 7–9 years of age) and macaques (Macaca fascicularis; n =  3; 7 years of age) 15 min ater 
sodium pentobarbital overdose. he animals represent control animals from a breeding colony. All procedures 
were approved and conducted under the Institutional Animal Care and Use Committee at the University of 
Illinois at Chicago (Chicago, IL), and all methods were carried out in accordance with relevant guidelines and 
regulations. Right ater the animals were euthanized, pituitaries were excised and placed in sterile cold (4 °C) 
basic media consisting of α -MEM, 0.15% BSA, 6 mM HEPES, 10 IU/ml penicillin, and 10 µ g/ml streptomycin. 
Pituitaries were then washed twice in fresh media and divided into smaller fragments with surgical blades and 
then, fragments were dispersed into single cells for cell culture as described below. Cells from diferent pituitaries 
(i.e. n =  7 from baboons and n =  3 from macaques) were not pooled.

Primary pituitary cell culture. he pituitary dispersion into single cells was made by enzymatic and 
mechanical disruption, as previously described49,56,65. hen, cells were plated onto 24-well tissue culture plates at 
200,000 cells/well with 0.5 ml (for expression and secretion analyses) or onto 48-well tissues plates at 50,000 cells/
wells with 0.2 ml (for secretion analyses) of basic medium containing 10% horse serum. Cells were incubated 
for 36–48 h (37 °C) and ater that, medium was removed and cells were pre-incubated for 1 h in fresh, warm 
(37 °C), serum-free medium to stabilize the cells. hen, medium was replaced with serum free medium contain-
ing diferent treatments in order to perform the following experiments: (1) “dose-response experiment” of leptin 
(10–100 ng/ml), adiponectin (10–1000 nM) and resistin (0.1–1000 nM) alone (4h-incubation); (2) “time-course 
experiment” of leptin (10 ng/ml), adiponectin (10 nM) or resistin (0.1 nM) alone for 4- and 24-h; (3) “functional 
interaction experiment” between leptin (10 ng/ml), adiponectin (10 nM) or resistin (0.1 nM) with primary 
regulator of GH release [i.e. GH-releasing hormone (GHRH; 10 nM), acylated-ghrelin (10 nM) or somatostatin 
(SST; 10 nM); 4h-incubation]. (4) “signaling pathway experiment” in order to study the intracellular signaling 
routes involved in the efects of leptin, adiponectin and resistin on pituitary cells function, medium containing 
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inhibitors of key intracellular signaling pathways was added to the cell cultures (medium alone was used in the 
vehicle treated controls). Ater 90 minutes of stabilization, medium was replaced with medium alone (vehicle) 
or containing the selected inhibitor combined with leptin (10 ng/ml), adiponectin (10 nM) and resistin (0.1 nM) 
and incubated for 4 h. Speciically, inhibitors of the following signaling pathways were used: adenylyl cyclase 
(AC; MDL-12,330 A; 10 µ M), protein kinase-A (PKA; H-89; 15 µ M), phospholipase C (PLC; U73122; 50 µ M),  
protein kinase C (PKC; Go6983; 20 µ M), plasma membrane L-type voltage-sensitive Ca2+ channels (extracel-
lular Ca2+; nifedipine; 1 µ M), Ca2+ release from intracellular pools (intracellular Ca2+; thapsigargin; 10 µ M), 
mitogen-activated protein kinase activity (MAPK; PD-98,059; 10 µ M), phosphatidylinositol 3-kinase activity 
(PI3K; wortmannin; 1 µ M), and mammalian target of rapamycin (mTOR; rapamycin; 10 µ M). It should be men-
tioned that doses for leptin, adiponectin, resistin, GHRH, ghrelin, SST, or inhibitors of intracellular signaling 
pathways were selected based on previous studies19,32,33,35,36,49,50,52,79,80 that administration of these inhibitors alone 
did not modify basal hormonal secretions (data not shown).

In all experiments, ater the corresponding incubation period (4 h and 24 h), medium was collected for hor-
mone analysis (see below). Total RNA was extracted from selected cultures treated with leptin (10 ng/ml), adi-
ponectin (10 nM) and resistin (0.1 nM) for gene expression analysis of pituitary hormone transcripts, receptors 
and other transcription factors important for the pituitary cells function. Controls consisted of serum-free media 
alone without any treatment. Each treatment was repeated at least three times on independent pituitary cell 
preparations (3–4 wells/treatment per experiment). It should be noted that, given the limited source of macaque 
cell preparations (n =  3) and of amount of cells obtained ater dispersion of the pituitary gland, we were able to 
study only some selected endpoints (i.e. the efects of leptin, adiponectin and resistin at a single dose on the secre-
tion of all the pituitary hormones at 4- and 24-h of incubation).

(ormone analysis. Culture medium was collected, centrifuged (2000G per 5 min) and stored at − 80 °C for 
GH, PRL, ACTH, FSH, LH, and TSH analysis using human commercial ELISAs kits (references no: EIA1787, 
EIA-1291, EIA-3647, EIA-1288, EIA-1289 and EIA-1790, respectively; DRG International, INC; Mountainside, 
NJ) following the manufacturer’s instruction. All information regarding the protocol, speciicity, detectability, and 
reproducibility for each assay can be accessed at the web sites of the indicated companies.

RNA isolation, reverse transcription, and real-time PCR. Total RNA from primary pituitary cell 
cultures was extracted using the Absolutely RNA RT-PCR miniprep kit (Stratagene, La Jolla, CA) with DNase 
treatment, as previously described49,56,65. he recovered RNA was quantiied by a NanoDrop Lite (hermo Fisher 
Scientiic, Wilmington, DE 19810, USA). Total RNA was reverse transcribed in a inal volume of 20 µ l using the 
cDNA irst-strand synthesis kit (MRI Fermentas, Hanover, MD) with random hexamer primers. hen, cDNA was 
treated with ribonuclease H (1 U; MRI Fermentas). 1 µ l of each sample was ampliied by quantitative real-time 
RT-PCR (qPCR) using the Brilliant III Ultra-Fast SYBR®  QPCR master mix (Stratagene, La Jolla, CA, USA). 
Details regarding the qPCR procedure used to measure the expression levels of the diferent transcripts included 
in this study have been previously reported by our laboratory49,56,65. Speciic sets of primers used in this study are 
shown in supplemental Table 1. To control for variations in the amount of RNA used in the retro-transcription 
reaction and the eiciency of the retro-transcription reaction, mRNA copy numbers of the diferent transcripts 
analyzed were adjusted by cyclophilin-A expression (used as housekeeping gene), where cyclophilin-A mRNA 
levels did not signiicantly vary between experimental groups (data not shown).

Statistical analysis. To minimize intragroup variations in the diferent experiments (i.e. age, metabolic 
environment, diferent stage of the estrus cycle, etc.), values obtained were compared with the corresponding 
vehicle-treated controls (set at 100%), where this style of data presentation does not alter the relative diferences 
between the diferent adipokines-treated and vehicle-treated groups. All the results are expressed as mean ±  SEM. 
he diferent experiments were tested in a minimum of three independent pituitary cultures performed from 
diferent animals/cells preparations and on diferent days (3–5 replicated/treatment per experiment). Diferences 
between experimental groups were assessed by one-way ANOVA (or two-way ANOVA when the intracellular 
signaling pathways, with treatments with and without [controls] speciic inhibitors, were studied) followed by 
Fisher’s test for multiple comparisons. P <  0.05 was considered signiicant diference. All statistical analyses were 
performed using GB-STAT sotware package (Dynamic Microsystems, Inc., Silver Spring, MD).
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Gene 
Genbank 

Accession # 
Primer Sequence 

Nucleotide 

Position 

Product 

Size 

Adiponectin EU420013.1 
Sense: ACCAGGAAACCACGACTCAA 

Antisense: TCCTTTCTCACCCTTCTCACC 

Sn 50 

As 207 
158 

Leptin NM_000230.2 
Sense: GTGGCTTTGGCCCTATCTTT 

Antisense: GGTGACTTTCTGTTTGGAGGAG 

Sn 87 

As 231 
145 

Resistin AF323081.1 
Sense: AAGCTCTCTGTCTCCTCCTCCT 

Antisense: TCCTCTCATTGATGGCTTCTTC 

Sn 51 

As 140 
90 

LH HQ012663 
Sense: GCCTCCTCTTCCTCTAAAGACC 

Antisense: GCGGATTGAGAAGCCTTTATT 

Sn 59 

As 162 
104 

GH DQ340390 
Sense: GACCTAGAGGAAGGCATCCAAA 

Antisense: AGCAGCCCGTAGTTCTTGAGTAG 

Sn 21 

As 163 
143 

FSH HQ012664 
Sense: TTGGTGTGCTGGCTACTGCT 

Antisense: GGGCACTCTCACTGTTTCGT 

Sn 96 

As 210 
115 

POMC DQ315472 
Sense: CCCTACAGGATGGAGCACTT 

Antisense: CGTTCTTGATGATGGCGTTT 

Sn 7 

As 133 
127 

PRL EF419886 
Sense: CCTTCGAGACCTGTTTGACC 

Antisense: ATCTGTTGGGCTTGCTCCTT 

Sn 12 

As 194 
183 

TSH HQ012665 
Sense: ATTGCCTAACCATCAACACCAC 

Antisense: AAACATCCTGGGACAGAGCATA 

Sn 59 

As 160 
102 

Kiss1-R HQ012666 
Sense: CCAACTTCTACATCGCCAACC 

Antisense: ACATGAAGTCGCCCAGCA 

Sn 29 

As 142 
114 

GHRH-R DQ340391 
Sense: TCACCATCCTGGTTGCTCTC 

Antisense: GCAGCATCCTTCAGGAACAC 

Sn 74  

As 185 
112 

GHS-R DQ340392 
Sense: GTGTGGGTGTCCAGCATCTT 

Antisense: CACGGTTTGCTTGTGGTTCT 

Sn 389 

 As 535 
147 

INS-R DQ340393 
Sense: ACGCTCTGGTGTCACTTTCCT 

Antisense: AGCTGCCTTAGGTTCTGGTTG 

Sn 287  

As 398 
112 

IGF-1R DQ340394 
Sense: GAGGAAGTGACGGGGACTAAA 

Antisense: GTGGTGGTGGAGGTGAAATG 

Sn 139  

As 251 
113 

PIT-1 DQ453815 
Sense: TGGAGTGATGGCAGGTAGTTT 

Antisense: TTACTTTTCCGCCTGAGTTCC 

Sn 54 

As 200 
147 

sst1 EF639291 
Sense: AGGTAGTAAACCTGGGGGTGTG 

Antisense: AGCACGTAGCACAGGCAGATAG 

Sn 236 

As 446 
211 

sst2 EF639292 
Sense: TGGCATCAATCAGTTCACCA 

Antisense: TACCAAGCCCCAGATTCACC 

Sn 159 

As 407 
249 

sst5 EF639293 
Sense: ACTTCTTCGTGGTCATCCTCT 

Antisense: AACCTTCTGGAAGCTCTGG 

Sn 49 

As 146 
98 

DR2 NM_016574 
Sense: CGAGCATCCTGAACTTGTGTG 

Antisense: GCGTTATTGAGTCCGAAGAGG 

Sn 594 

As 765 
172 

CRH-R NM_004382 
Sense: TTTTCAACATCGTCCGCATC 

Antisense: GGGATTGACGAAGAACAGCA 

Sn 1125 

As 1267 
143 

Cyclophilin A DQ315473 
Sense: CAAGACGGAGTGGTTGGATG 

Antisense: TGGTGGTCTTCTTGCTGGTC 

Sn 351 

As 472 
122 
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Abstract

Obesity is a major health problem that courses with severe comorbidities and a drastic impairment of homeostasis and function of several

organs, including the prostate gland (PG). The endocrine–metabolic regulatory axis comprising growth hormone (GH), insulin and IGF1, which

is drastically altered under extreme metabolic conditions such as obesity, also plays relevant roles in the development, modulation and home-

ostasis of the PG. However, its implication in the pathophysiological interplay between obesity and prostate function is still to be elucidated. To

explore this association, we used a high fat–diet obese mouse model, as well as in vitro primary cultures of normal-mouse PG cells and human

prostate cancer cell lines. This approach revealed that most of the components of the GH/insulin/IGF1 regulatory axis are present in PGs, where

their expression pattern is altered under obesity conditions and after an acute insulin treatment (e.g. Igfbp3), which might have some patho-

physiological implications. Moreover, our results demonstrate, for the first time, that the PG becomes severely insulin resistant under

diet-induced obesity in mice. Finally, use of in vitro approaches served to confirm and expand the conception that insulin and IGF1 play a direct,

relevant role in the control of normal and pathological PG cell function. Altogether, these results uncover a fine, germane crosstalk between the

endocrine–metabolic status and the development and homeostasis of the PG, wherein key components of the GH, insulin and IGF1 axes could

play a relevant pathophysiological role.

Keywords: insulin� IGF1� prostate� obesity� prostate cancer

Introduction

The prostate gland (PG) is an exocrine gland tightly influenced by the

endocrine milieu, as its development and homeostasis is regulated,

for instance, by sexual hormones. Indeed, testosterone, the main sex-

ual hormone responsible for prostate homeostasis, can be locally

converted to dihydrotestosterone, which is involved in increasing pro-

liferation and reducing death of PG cells [1–3]. Moreover, a growing

body of evidence indicates that the endocrine axis comprising growth

hormone (GH), insulin and insulin-like growth factor 1 (IGF1) is

locally expressed [4] in the PG and plays a relevant role in its patho-

physiology [5, 6]. Thus, earlier studies showed that pituitary-

produced GH is essential for PG development, controlling prostate

size [7, 8], and local expression of IGF1 and its receptor (IGF1R),

in vivo [9, 10] and in vitro [11]. IGF1 is a well-known regulator of cell

proliferation, differentiation and apoptosis [12], which is mainly pro-

duced by the liver [13], but is also expressed locally within the stro-

mal and epithelial cells of PGs, where it can act as an autocrine/

paracrine factor [4]. Interestingly, studies on mouse models have

revealed that IGF1 is essential for the appropriate development of the

PG and that GH effects are restricted to the stimulation of IGF1 pro-

duction [14]. Indeed, IGF1 seems to be able to regulate PG at different

levels as it has been associated with the development and function of

Leydig cells or with the stimulation of GnRH release resulting in LH

secretion and expression [15], suggesting an important role on the

puberty timing [16]; consequently, IGF1 absence induces vestigial

prostate development and very low testosterone levels, which results
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in abnormal perinatal androgenization [17]. In addition, GH/IGF1 axis

is an important regulatory system for prostatic disorders [4], and its

alterations have been linked to prostate cancer development [18]. In

line with this, insulin has also been shown to be crucial for the correct

development of the PG, inasmuch as lack of insulin in non-obese dia-

betic mice affects the morphology and function of PGs promoting atro-

phy of secretory epithelial cells and stroma hypertrophy, leading to

development of intraepithelial neoplasia, inflammation and alteration of

the secretory process [19]. Furthermore, replacement of insulin in this

type-1 diabetic mouse model increased prostate volume, proliferation

and apoptosis rate [20], revealing an important role of insulin for pros-

tate growth and homeostasis. Indeed, hyperinsulinemia sensitizes PG

to the growth-promoting effects of testosterone [21] and insulin is also

important to maintain the b-adrenergic and muscarinic cholinergic sig-

nalling in prostate, as treatment with this hormone reestablished the

expression these receptors in diabetic rats [22].

PG pathophysiology is markedly influenced by obesity [23–25], a

multifactorial chronic disease that represents one of the most serious

threats for the global population [26]. Obesity is characterized by the

deregulation of multiple endocrine–metabolic systems, which are, at

least in part, responsible for the well-known obesity-related metabolic

and cardiovascular complications [27] and, even, with the increased

obesity-associated cancer risk [28]. Interestingly, obesity courses with

the dysfunction of key regulatory systems, including GH, insulin and

IGF1 axes, which are crucial for the correct development and mainte-

nance of several organs [29], including the PG. Nonetheless, although

obesity-associated alterations in GH [29], insulin [30, 31] and IGF1 [32]

levels, together with the concomitant insulin resistance [33], have been

shown to impact the function of several metabolic organs, are thought

to be involved in the increased obesity-associated cancer risk [34–36]

and can negatively affect testosterone levels [37–39], the actual influ-

ence of obesity and the concurrent changes in insulin and IGF1 levels in

the physiology of normal and tumoral prostate is still to be elucidated.

Consequently, similar to that previously demonstrated in other

endocrine tissues, such as pituitary [31] and mammary gland [40], it

has been suggested that the development of obesity could be associ-

ated with a certain degree of insulin resistance in the PG and could

influence its pathophysiology, modulating the normal expression of

several endocrine–metabolic axis, including GH/IGF1/insulin system

components, which play a relevant role under normal and pathologi-

cal conditions. For this reason, we have used here a combination of

molecular, cellular and whole-animal approaches to study the influ-

ence of diet-induced obesity on PG insulin management, and on the

gene expression profile of the components of the GH/IGF1/insulin

systems at the PG level, as well as the direct role of these hormones

(insulin and IGF-I) in normal and tumoral prostate cells.

Materials and methods

Animal models

All experimental procedures were carried out in accordance with appli-

cable guidelines and regulations and following the European Regulations

for Animal Care under the approval of the University of Cordoba and

the Regional Government Research Ethics Committees. C57BL/6J male

mice were obtained at weaning from Janvier-Labs (Le Genest-Saint-Isle,

France) and used to: (i) establish a model of diet-induced obesity and

(ii) isolate and culture normal prostate cells. Animals were housed in

sterile filter-capped cages maintained under standard conditions of light

(12-hrs light/dark cycle; lights on at 07:00 a.m.) and temperature (22–

24°C), with free access to sterilized diet and water. To obtain normal

primary prostate cells, 8–12-wk-old C57BL/6J males fed a standard-

chow diet were used. To generate the diet-induced obese model,

n = 10 mice per group were housed individually and fed, starting at

4 weeks until 23 weeks of age, a low-fat (LF) or a high-fat (HF) diet

[Research Diets Inc, New Brunswick, NJ, USA; LF (10% Kcal fat, 70%

Kcal carbohydrates, 20% Kcal proteins), HF (60% Kcal fat, 20% Kcal

carbohydrates, 20% Kcal proteins); LF and HF were micronutrients

matched diets]. Body weights (BW) were measured once a week. Mice

were handled daily to acclimatize them to the experimental procedures

and personnel 1–2 weeks before blood sampling or killing. At 23 weeks

of age, mice were ip injected with vehicle (control group) or insulin

(10 U/kg) and 8 min. later and killed by decapitation without anaesthe-

sia (between 08:00–10:00 hrs). Trunk blood was collected, mixed with

EDTA and Miniprotease inhibitor (Roche, Barcelona, Spain) and kept in

ice until further centrifugation to obtain plasma. Tissues were immedi-

ately excised, weighted and snap-frozen in liquid nitrogen. Plasma/tis-

sues were stored at �80C until posterior analysis. Mice were weighted

before killing, and glucose was measured just afterwards.

In vivo evaluation of metabolic status

As previously reported [41], glucose tolerance tests (GTT; 1 mg/g glu-

cose, ip) were carried out after overnight fasting two weeks before sac-

rifice, and insulin tolerance tests (ITT; 1 mU/g Novolin, ip) were

performed under ad libitum fed conditions 1 week before killing (in both

cases, beginning between 08:00 and 09:00 a.m.). Ten mice/group (HFD

and LFD) were used for this evaluation.

Determination of whole body composition

Whole body composition (fat and lean mass percentage) was assessed

using a Body Composition Analyser E26-240-RMT (EchoMRI LLC,

Houston, TX, USA) the day before killing (22 weeks of age), as previ-

ously reported [42]. Ten mice/group (HFD and LFD) were used for this

evaluation.

Assessment of circulating hormones and
metabolites

Blood glucose was assessed by glucometer (Accu-Chek system; Roche

Diagnostics, Barcelona, Spain). Gh (EZRMGH-45K, sensitivity 0.07 ng/

ml; Millipore, Billerica, MA, USA), insulin (EZRMI-13K, sensitivity

0.2 ng/ml; Millipore), Igf1 (AC-18F1, Immunodiagnostic Systems, sensi-

tivity 63 ng/ml; Fountain Hills, AZ, USA), leptin (EZML-82K, sensitivity

0.05 ng/ml; Millipore) and corticosterone (AC-14F1, Sensitivity 0.55 ng/

ml Immunodiagnostic Systems, Boldon, UK) levels were assessed using

ELISA kits. Ten mice/group (for insulin determination) or 4–5 mice/
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group (for leptin, Gh, Igf1 and corticosterone determinations) were

used. All details regarding the protocol, specificity, detectability and

reproducibility for each assay can be accessed at the websites of the

indicated companies.

Normal primary prostate cell cultures from mice

PGs (n = 2–3 pooled PGs/experiment, four separate experiments, 3–4

wells/treatment) were dispersed into single cells [following an adapted

protocol from [43, 44]] and plated at 125.000 cells/well in DMEM with

4.5 g/l glucose and D-Valine (SeraLab, West Sussex, UK), supple-

mented with 10% foetal bovine serum (FBS), 1% antibiotic-antimycotic,

and 2 mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA) at 37°C

and 5% CO2. After 24 hrs, primary prostate cells were pre-incubated in

serum-free medium for 2 hrs, and subsequently, the medium was

replaced with serum-free medium containing medium alone (control),

Igf1 or insulin [Sigma-Aldrich, 10 nM, doses selected according to pre-

vious studies implemented by our group [45–48]]. Culture cells were

incubated for 24 hrs, and then total RNA was extracted.

Prostate cell lines

Two widely accepted human PCa-derived cell lines, one androgen

independent (PC3; ATCC� CRL-1435TM) and one androgen sensitive

(LNCaP; ATCC� CRL1740TM) were used. PC3 cells were cultured in

RPMI-1640 (Lonza, Basel, Switzerland) complemented with 10% FBS,

1% antibiotic-antimycotic and 2 mM L-glutamine. LNCaP cells were

cultured in RPMI-1640 supplemented with glucose (final concentra-

tion of 4.5 g/l) and complemented with 10% FBS, 1% antibiotic-anti-

mycotic and 2 mM L-glutamine. Cell lines were validated by short

tandem repeat analysis (STR; GenePrint� 10 System, Promega, Bar-

celona, Spain) and checked for mycoplasma contamination by PCR

as previously reported [49].

Proliferation assays

Cell proliferation was determined by Alamar-Blue colorimetric assay

(Invitrogen, CA, USA) as previously reported [50]. Briefly, 3.000–5.000

cells/well (3–5 individual experiments, 4 wells/treatment) were seeded

in 96-well plates. Then, cells were 24 hrs-starved (serum-free-medium)

and proliferation rate measured, every 24 hrs, for the following 4 days.

On the day of measurement, cells were incubated for 3 hrs in 10% Ala-

mar-Blue/RPMI without FBS and then Alamar-Blue reduction was mea-

sured in FlexStation III (Molecular Devices, Madrid, Spain), exciting at

560 nm and reading at 590 nm. Medium with Alamar-Blue was replaced

with fresh medium with treatments (insulin or IGF1) immediately after

each measurement. Results are expressed as percentage versus control

(cell without treatment).

Migration capacity assay

The ability of PC3 cells to migrate was evaluated by wound-healing

technique as previously reported [51]. Briefly, cells were plated at

sub-confluence in 12-well plates (four individual experiments, two

wells/treatment). Confluent cells were serum-starved for 24 hrs,

and then a wound was made using a 100-ll sterile pipette tip.

Cells were rinsed in PBS and incubated for 16 hrs in medium with-

out FBS in the presence of insulin or IGF1 or medium alone (con-

trol group). Migration was calculated by the difference between the

wound area before and 16 hrs after the treatment using ImageJ

(RSB, Bethesda, MD, USA). Three experiments were performed in

independent days, in which 3–4 random pictures along the wound

were acquired.

RNA extraction, reverse transcription and
quantitative real-time PCR (qPCR)

Details of RNA extraction, quantification and reverse transcription have

been previously reported elsewhere [52, 53]. Specifically, total RNA

from fresh pituitary and PG tissues (5 mice/group: LFD and HFD, vehi-

cle or insulin treated) was isolated using Absolutely RNA Miniprep Kit

(Agilent, CA, USA), and RNA from primary prostate cell cultures and

human cell lines with TRI Reagent (Sigma-Aldrich), both followed by

DNase treatment. Total RNA concentration and purity were assessed

using Nanodrop-2000 spectrophotometer (Thermo Scientific, Waltham,

MA, USA). Total RNA (1–2 lg) from each sample was reverse-tran-

scribed using random hexamer primers and the cDNA First Strand Syn-

thesis kit (MRI Fermentas, Hanover, MD, USA).

The development, validation and application of qPCR to measure

the expression levels of different mouse transcripts have been previ-

ously reported [31]. Briefly, qPCR reactions were performed using

the Brilliant III SYBR Green Master Mix and the qPCR Stratagene

Mx3000p instrument (Agilent, Santa Clara, CA, USA). Absolute gene

expression levels (copy number) were calculated using a standard

curve. A No-RT sample was used as a negative control. For each

qPCR reaction, 10 ll of master mix, 0.3 ll of each primer (10 lM

stock), 8.4 ll of distilled H2O and 1 ll of cDNA (100 ng) were

mixed with a program consisting of the following steps: (i) 95°C for

3 min., (ii) 40 cycles of denaturing (95°C for 20 sec.) and annealing/

extension (61°C for 20 sec.) and (iii) graded temperature-dependent

dissociation step (55°C to 95°C, increasing 0.5°C/30 sec.). To control

for variations in the amount of RNA used and the efficiency of the

RT reaction, the expression level of each transcript was adjusted by

a Normalization Factor (NF) in each sample obtained from the

expression levels of three housekeeping genes (b-actin, and cyclophi-

lin for mice samples, and b-actin, GAPDH and HPRT for human cell

line samples) using the Genorm program. Expression level of these

housekeeping genes did not differ between experimental groups in

the tissues analysed (data not shown). Specific primers (Table S1)

for the mouse transcripts used were designed with the Primer3-soft-

ware.

Western blot

Tissues (liver and PG, 5 mice/group) were homogenized in RIPA Buf-

fer. Protein concentrations were assessed using Bio-Rad Protein

Assay (Bio-Rad, Hercules, CA, USA). Samples (20 lg) were mixed

with 29 Laemmli buffer, boiled and separated on 10% acrylamide

gels, and electrophoretically transferred to Hybond-ECL nitrocellulose

membranes (Amersham Biosciences, Piscataway, NJ, USA). Blots

were blocked in 5% nonfat-dry milk (w/v) dissolved in Tris-buffered
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saline containing 0.1% Tween-20 (TBS-T) and incubated overnight

(4°C) with primary antibodies (1:1000) against phospho-Ser473 Akt

(CS92715; Cell Signaling, Beverly, MA, USA) or total Akt (CS9272;

Cell Signaling) in TBS-T, 5% nonfat-dry milk. Then, blots were incu-

bated with HRP-conjugated, goat-anti rabbit IgG (1:2000; CS70745;

Cell Signaling) in 5% dry milk, TBS-T for 1 hr, washed and exposed

(5 min.) to Clarity Western-ECL Blotting-Substrate (1705060; Bio-

Rad). Films were scanned using Bio-Rad Gel DocTM EQ system and

images were analysed using ImageJ.

Statistical analysis

Samples from all groups were processed at the same time. All val-

ues are expressed as mean � S.E.M. or compared with the corre-

sponding controls (set at 100%). All data were tested for normal

distribution prior to further analysis. When two groups were com-

pared, t-tests were used to assess significant differences. Multiple

groups (BW gaining curves) were compared using a two-way ANOVA

followed by post hoc analysis (Tukey). Correlations between BW and

phospho-AKT levels were assessed by Pearson’s correlation test

P < 0.05 and were considered significant. All statistical analyses were

performed using the GraphPad Prism 5.0 software (GraphPad Soft-

ware Inc., La Jolla, CA, USA).

Results

As illustrated in Figure 1A, after 5 weeks of feeding, HFD-fed mice

already exhibited a significantly higher BW, which remained elevated

until killing. Obese mice also presented significantly lower lean mass

and higher body fat mass, by NMR, compared to controls (Fig. 1B).

This was also consistent with the observed increase in all fat depots

weight measured (i.e. visceral, subcutaneous, retroperitoneal, mesen-

teric and brown fat), liver weight (Table S2), and higher circulating

leptin levels (Fig. 1C). Consequently, mice fed a HFD presented a

worse GTT (Fig. 1D; left panel) and ITT (Fig. 1E; left panel) profile

compared to the LFD controls, as glucose levels were higher in the

GTT in response to glucose, and insulin was more inefficient to

reduce glucose levels during the ITT in the HFD group. These results

were further supported by the areas under curves (AUC) in both tests

(Fig. 1D/E; right panels). Accordingly, the model generated displayed

hyperglycaemia and hyperinsulinemia, as basal glucose and insulin

Fig. 1 Characterization of the high fat diet–induced obese model. C57BL/6J male mice were fed a low-fat (LF) or a high-fat (HF) diet starting at

4 weeks and until 23 weeks of age. Body weight evolution was recorded weekly (A) and body compositions by MRI analysis to determine percent-

age of fat mass and lean mass was performed at 22 weeks of age (B). Leptin levels were determined at killing in both groups (C). Glucose tolerance

test (GTT) was performed at 17 weeks of age. Left graph represent blood glucose levels over time after glucose injection (1 mg/g) and right graph

indicate the area under curve (AUC) of the obtained values (D). Insulin tolerance test (ITT) was performed at 18 weeks of age. Left graph represents

blood glucose levels over time after insulin injection (1 mU/g), and right graph indicates the area under curve (AUC) of the obtained values (E). Glu-

cose (F) and insulin (G) levels were measured at t = 0 of ITT and GTT representing fed and fast values, respectively. Glucose-stimulated insulin

secretion (GSIS) was estimated from t = 0 and t = 30 of the GTT test. t = 0 and t = 30 represent the time of blood collection, 0 or 30 min. after

starting the test (H). Data represent mean � S.E.M. of 10 mice/group. Asterisks (*P < 0.05; **P < 0.01; ***P < 0.001) indicate values that signifi-

cantly differ from the gender-matched control group.
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levels under fast and fed conditions were significantly increased in

blood of HFD mice compared with LFD mice (Fig. 1F and G, respec-

tively). Furthermore, in support to the GTT and ITT data, insulin levels

were increased 30 min. after glucose injection in LFD mice, but not in

HFD mice, suggesting that pancreas of HFD-fed mice is not appropri-

ately responding to the high glucose levels during the GTT (Fig. 1H).

Finally, obese mice presented higher IGF1 and corticosterone levels,

whereas GH levels tended to be lower in HFD fed animals (Table S2).

The PG become insulin resistant under obesity
conditions

As expected, glucose levels were significantly lower in mice fed a LFD

and HFD injected with insulin (Fig. 2A). However, the percentage of

reduction in HFD mice was smaller than in LFD animals (40% of

reduction in HFD-insulin treated compared to HFD-vehicle versus

80% of reduction in LFD-insulin treated compared to LFD-vehicle),

which supports the state of insulin resistance of the HFD mice. More-

over, HFD mice presented higher basal glucose levels under vehicle-

and insulin-treated conditions than the corresponding LFD group

(Fig. 2A). Then, to determine whether the PG is an organ sensitive to

insulin actions as is the case of the liver, adipose tissue or muscle

[31], we analysed the levels of AKT phosphorylation in PGs and livers

(used as reference-control) in vehicle- and insulin-treated mice under

LFD and HFD conditions (Fig. 2B). This showed that, although AKT

phosphorylation was significantly increased in mice fed with LFD and

HFD in response to insulin treatment compared with their respective

vehicle-treated controls, livers of obese mice were resistant to insulin

action, for their increment in phospho-AKT levels was significantly

lower than that observed in LFD mice (9.2-fold induction on insulin-

treated LFD compared to vehicle-treated LFD mice versus 3.2-fold

induction on insulin-treated HFD compared to vehicle-treated HFD

mice). Remarkably, we found that the PG is also an organ that

Fig. 2 Effect of acute insulin injection on

insulin signalling. After 19 weeks of LFD-

or HFD feeding, all mice (n = 5/group)

were ip injected with vehicle (control

group) or insulin (10 U/kg) and 8 min.

later, mice were killed by decapitation.

Glucose levels at killing after acute insulin

injection were determined (A). The ratio of

AKT phosphorylation to total AKT in the

liver and prostate after insulin injection

was determined by western blot (B). Cor-

relation between mouse body weight and

derangement in insulin signalling (repre-

sented as phosphorylation levels of Akt in

response to insulin injection) in the liver

and prostate of HFD-fed mice analysed by

Pearson’s test (C). Data represent

mean � S.E.M. of (n = 5 mice/group).

Asterisks (*P < 0.05; **P < 0.01;

***P < 0.001) indicate values that differ

significantly from their respective vehicle-

treated control values.
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becomes resistant to insulin actions under an obesity condition and

that this state is even more pronounced in the PG than in the liver

(Fig. 2B). Specifically, acute insulin injection clearly increased phos-

pho-AKT levels in lean mice, but not in obese mice at the PG level (i.e.

the modest increment in AKT phosphorylation induced by insulin in

HFD mice was not significant, at variance to that observed in the

liver). Interestingly, we found a significant negative correlation

between the BW of HFD-fed mice and the response to insulin injection

(activation of AKT signalling) in the liver (R = �0.916, P = 0.029),

whereas this effect was not as obvious in PGs (R = �0.630,

P = 0.254) (Fig. 2C) which might suggest the existence of a tissue-

dependent association between BW and insulin resistance under HFD

conditions. Interestingly, this association between mouse BW and

derangement in insulin signalling in hepatic tissues of HFD-fed mice

was not observed in LFD-fed mice (data not shown).

Expression of components of the GH, insulin and
IGF1 axes is regulated in the prostate under
obesity conditions and in response to acute
insulin treatment

Absolute mRNA copy number of several components of the GH, insu-

lin and IGF1 axes, such as Gh, Ghr Insr, Igf1, Igf1r, Igf1 binding pro-

teins 2 and 3 (Igfbp2 and Igfbp3), and also of the glucose

transporter-4 (Glut4), was determined by qPCR in the PG of male

mice fed a LFD (control group; Table 1A). This revealed that the com-

ponents of the GH/IGF1/insulin axes with lower level of expression

were Igfbp3 and Gh (i.e. less than 100 copies), followed by Igfbp2,

Insr and Glut4, whereas Ghr, Igf1r and Igf1 were expressed at high

levels (Igf1 > >Ghr>Igf1r> Glut4 > Insr>Igfbp2 > Gh>Igfbp3). Inter-

estingly, obesity did not alter drastically the expression levels of some

of these components except for an increase in Igfbp3, a decrease in

Glut4, and a non-significant reduction in Ghr (P = 0.08) levels in the

PGs of HFD-fed mice compared to LFD-fed mice (vehicle-treated;

Fig. 3A, white columns). Of note, acute insulin injection tended to

increase the expression of Igf1r in the prostate of LFD (P = 0.08) and

HFD (P = 0.06) mice as well as to decrease the expression of Gh

(P = 0.06) and Igfbp3 (P < 0.05) only in the prostate of obese (HFD

conditions) mice (Fig. 3A, black versus white columns).

To determine whether the changes observed at the PG level under

obesity conditions and in response to an acute insulin treatment were

tissue specific, we performed the same analysis in the pituitaries of

these mice, a tissue where the components of the GH, insulin and

IGF1 axes are expressed [31, 54]. All the components of these regula-

tory axes were highly expressed at the pituitary level of adult male

mice fed a LFD (control group; Table 1B; Gh>>>Igf1r≥Igf-

bp3 > >Insr>Igf1 ≥ Igfbp2 ≥ Ghr>>Glut4), and these levels were

always higher than those observed at the PG level, except for Glut4

that presented lower expression levels (Table 1A/B). As expected

[31], Gh levels were significantly reduced in the pituitary of obese

mice (Fig. 3B; white columns). Moreover, the results of mice fed a

HFD versus LFD at the pituitary level revealed a non-significant reduc-

tion in Ghr (P = 0.08; similar result in PGs) and Igf1r (P = 0.07), as

well as a significant decrease in Glut4 expression levels (similar in

PGs) (Fig. 3B; white columns). Interestingly, and in contrast to that

found at the PG level, acute insulin injection did not induce any speci-

fic regulation in the pituitary expression of any component of the Gh,

insulin and Igf1 axes analysed of mice fed a LFD or a HFD (Fig. 3B).

To complement these results, plasmatic levels of Gh and Igf1

were determined in these groups of mice. Specifically, no differences

in circulating Gh levels were found (Fig. 3C). In contrast, circulating

Igf1 levels were significantly increased in obese versus lean vehicle-

treated animals (Fig. 3D; white columns), whereas after an acute

insulin injection, Igf1 levels only decreased significantly in insulin-

treated HFD mice compared with vehicle-treated HFD mice (Fig. 3D;

black versus white columns).

Direct effects of insulin and IGF1 in normal and
tumoral prostate cells

To assess the direct role of insulin and IGF1 in the expression of dif-

ferent components of the GH/insulin/IGF1 axes and their implications

in key functional parameters of prostate cells such as cell prolifera-

tion, migration and PSA secretion, we used normal-mouse and

tumoral-human prostate cells as models. Particularly, treatment with

Igf1 or insulin (24-hrs incubation) of mouse normal primary prostate

cell cultures did not alter the expression of their receptors (Igf1r and

Insr; Fig. 4A, left panel), whereas Igf1, but not insulin, treatment

decreased Ghr expression (Fig. 4A). Moreover, insulin treatment

tended to increase Igfbp3 expression (P = 0.09) in mouse normal

primary prostate cell cultures (Fig. 4A, right panel).

In the case of human prostate cancer cell lines (PC3 and LNCaP),

24-hrs treatment with IGF1 and insulin reduced (or tended to reduce)

the expression of IGF1R, INSR and GHR (Fig. 4B, left panels),

whereas only insulin increased the expression levels of Igfbp3 in

Table 1 Absolute mRNA copy number levels (adjusted by a

normalization factor derived from the expression of three

housekeeping genes) of the components of the GH, insulin and

IGF1 axes on the pituitary and prostate glands of male mice fed a

LFD. Data represent means number of copies � S.E.M. (n = 5)

A) Prostate B) Pituitary

LFD (n = 5) LFD (n = 5)

Gh 108.7 � 57.38 5.2 9 107 � 5.5 9 106

Ghr 526.4 � 112.1 1712 � 169.8

Igf1 1387 � 313.1 2154 � 129.4

Igf1r 379.8 � 61.9 16600 � 1391.8

Igfbp2 118.1 � 23.4 2016 � 573.8

Igfbp3 31.7 � 4.4 14620 � 1221.2

Insr 128.4 � 8.9 3116 � 179.4

Glut4 222.4 � 27.9 80.9 � 10.9
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Fig. 3 Effects of HFD and acute insulin injection on the expression profile of the prostate glands. mRNA expression level of Gh, Ghr, Igf1, Igf1r, Igf-

bp2, Igfbp3, Insr and Glut4 was determined by qPCR in the prostate (left panels) and pituitary (right panels) glands of LFD- and HFD-fed male mice

injected with vehicle (white columns) or insulin (black columns) for 8 min. Values represent absolute copy number adjusted by a normalization fac-

tor (NF; calculated from the expression levels of HPRT, cyclophilin and b-actin) (A). Circulating levels of GH and IGF1 of the four groups were deter-

mined at killing (B). Values represent mean � S.E.M. (n = 4–5 mice/group). Asterisks indicate values that are significantly differ (*P < 0.05).
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LNCaP cells (Fig. 4B, right panel). Moreover, IGF1, but not insulin,

treatment significantly increased cell proliferation in PC3 and LNCaP

cells (Fig. 4C). In the case of PC3, but not LNCaP, cells, this was con-

sistent with the prominent effect of IGF1 versus insulin treatment on

the mRNA levels of two relevant proliferation markers (Ki67 and

PTTG), whereas TP53 mRNA levels were not altered (Fig. 4D). Finally,

IGF1 and insulin also increased the migration capacity of PC3 cells

(Fig. 4E; 16-hrs treatment).

Discussion

Obesity is a major health problem associated with severe comorbidi-

ties and with drastic impairment of the functioning of several meta-

bolic organs [27, 29]. In this scenario, recent studies have

demonstrated that obesity induced by high-fat diets promotes struc-

tural and metabolic changes in the PG [23–25], altering stromal and

matrix ultrastructure, as well as the appropriate signalling and

Fig. 4 Direct effect of IGF1 and Ins treatment on primary mouse prostate cell cultures and normal- and tumoral-human cell lines. Effect of IGF1 and

insulin on Igf1r, Insr, Ghr and Igfbp3 mRNA expression of primary mouse prostate cell cultures after 24 hrs of treatment determined by qPCR. Values

represent absolute copy number adjusted by a normalization factor (NF; calculated from the expression levels of HPRT, cyclophilin and b-actin) (A).

Effect of IGF1 and insulin on IGF1R, INSR, GHR and IGFBP3 mRNA expression of human prostate cancer PC3 and LNCaP cells after 24 hrs of treat-

ment determined by qPCR. Values represent absolute copy number adjusted by a normalization factor (NF; calculated from the expression levels of

HPRT, cyclophilin and b-actin) (B). Effect of IGF1 and insulin on cell proliferation (24, 48 and 72 hrs) of human prostate cancer PC3 and LNCaP cells

(C). Effect of IGF1 and insulin on mRNA levels of proliferation markers (PTTG, KI67 and P53) in PC3 and LNCaP cells after 24 hrs of treatment. Values

represent absolute copy number adjusted by a normalization factor (NF; calculated from the expression levels of HPRT, cyclophilin and b-actin) (D).

Effect of IGF1 and insulin on the migration of PC3 cells after 14 hrs of treatment (E). Values represent the mean � S.E.M. (n = 3–5 individual experi-

ments, 2–4 wells/experiment). Asterisks indicate values that significantly differ from controls (*P < 0.05; **P < 0.01; ***P < 0.001).
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modulation by different regulators [23–25]. Although androgen

(mainly testosterone) and oestrogen signalling may represent the pri-

mary controllers of PG function under normal and pathological condi-

tions [24], the components of the GH, insulin and IGF1 axes have

been also shown to play relevant roles in the development, modula-

tion and homeostasis of the PG [4, 19, 20]. However, while these

neuroendocrine regulatory systems are drastically altered under

extreme metabolic conditions such as obesity [29], wherein they

associate with key obesity-associated comorbidities [e.g. insulin

resistance [55]], their implication and regulation in the PG under obe-

sity conditions have not been fully explored hitherto. Accordingly, the

present study was devised to determine: (i) whether the PG become

insulin resistant under obesity conditions in mice, for this may entail

important pathophysiological implications, given the relevant role of

insulin in the development and normal function of this gland [19, 20,

22]; (ii) if the expression pattern of the components of the GH, insulin

and IGF1 regulatory axes might be altered in the PG under obesity

conditions (as occurs in other endocrine organs [31]), and also in

response to an acute insulin treatment; and finally, (iii) the direct role

of insulin and IGF1 in the control of normal and pathological PG cell

function using primary prostate cell cultures from mice and cultured

human cell lines as experimental models.

To achieve these objectives, we first developed a classic mouse

model of diet-induced obesity by feeding male (C57BL/6J back-

ground) mice a HFD, and compared to those fed a LFD starting at

4 weeks of age. This model has been widely used as a mouse model

of obesity and insulin resistance, as they easily gain weight and

develop diet-induced diabetes [56, 57]. Specifically, we found that the

group fed a HFD already presented a significantly higher BW 5 weeks

after the start of the diet, and maintained this difference until the day

of killing. Of note, the BW gain displayed by the HFD mice was associ-

ated with a reduction in the lean mass and an increase in fat body

mass and leptin levels, compared to the control group, confirming the

obese phenotype. As expected, HFD-fed mice also presented a worst

glucose clearance profile and insulin resistance, as indicated by the

higher areas under the curve of the GTT and ITT tests in this group

compared to the control (LFD) group. Supporting these results, the

glucose and insulin levels in fast and fed condition were both higher

in the HFD group than in the LFD group, suggesting that the capacity

of the pancreas of HFD-fed mice to respond to metabolic insults was

impaired. Consistent with this idea, our data demonstrate that HFD-

fed mice displayed a clearly impaired glucose-stimulated insulin

secretion (GSIS), as LFD-fed mice exhibited a clear insulin increment

in response to the glucose bolus, whereas, in the HFD mice, this rise

was completely blunted. Additionally, to confirm the status of periph-

eral insulin resistance, mice fed a LFD and HFD were injected with

insulin and, 8 min. later [31], organs were harvested to determine the

phosphorylation levels of a classic insulin-responsive signalling path-

way (AKT, [58]). Analysis of the livers of these mice confirmed the

peripheral insulin resistance induced by the HFD feeding. Moreover,

we demonstrated, for the first time, that the PG, similarly to that

observed in other organs [31], develops a drastic insulin resistance in

conditions of obesity, as demonstrated by the severely reduced incre-

ments of AKT phosphorylation in response to an acute insulin injec-

tion, thus reinforcing the idea of a relevant crosstalk between the

alterations in the endocrine–metabolic status (i.e. obesity) and the

dysregulation of the normal metabolic homeostasis of the PG.

To further explore the consequences of the HFD-induced obesity

at the PG level, we carried out a comprehensive characterization of

the expression and regulation of key components of the GH, insulin

and IGF1 regulatory axes in mice fed a LFD or a HFD, and compared

them with the changes observed in the pituitary, an endocrine gland

wherein these regulatory axes also play relevant functional roles [45,

48, 59]. This analysis confirmed and expanded previous data indicat-

ing that the majority of the components of the GH, insulin and IGF1

regulatory axes were expressed in PGs. Particularly, these results are

consistent with previous studies showing that the Ghr is expressed in

the prostate [60], whereas, to the best of our knowledge, our study

represents the first piece of evidence showing that Gh is also locally

expressed in this gland. In this sense, as previous studies have indi-

cated that the role of circulating GH in the PG is circumscribed to the

stimulation of the local production of IGF1 [4], these data might also

suggest the existence of an autocrine/paracrine GH/GHR loop poten-

tially able to stimulate IGF1 production from the PG. Indeed, our

results confirmed previous findings showing the expression of Igf1,

Igfr and Insr at the PG [4, 9, 10], and demonstrated the local expres-

sion of other components of the IGF1/insulin system such as various

Igfbps (Igfbp2 and Igfbp3) as well as of other associated proteins, as

is the case of the glucose transporter Glut4. Most importantly, as pre-

viously observed in other tissues [31, 40], our results indicate that

the expression pattern of the components of the GH, insulin and IGF1

regulatory axes can be finely modulated in the PG by environmental

factors such as the diet. Particularly, we found that PGs of obese mice

presented altered expression levels of Ghr and Glut4, which were sim-

ilar to those observed in the pituitary of obese mice, but also pros-

tate-specific changes, such as an up-regulation in Igfbp3 expression,

which might have some pathophysiological implications as will be

further discussed below. Remarkably, the data presented herein also

provide primary evidence that an acute insulin treatment can specifi-

cally modulate the expression of specific components of the GH, insu-

lin and IGF1 axes at the PG, but not the pituitary level, and that these

changes could be different in lean versus obese mice. Namely,

whereas Igfr expression tended to be higher in insulin-treated LFD

and HFD animals, Igfbp3 expression was severely decreased only in

HFD-fed mice after the acute insulin injection. Although the patho-

physiological implications of the changes mentioned herein are still to

be elucidated further, these results support the existence of a tight

crosstalk between the endocrine–metabolic milieu and the normal

homeostasis of the PG, wherein the GH, insulin and IGF1 regulatory

axes could to play a important role.

These latter results might be of particular interest, owing to the

fact that it has been demonstrated that GH, IGF1 and insulin axes play

a direct role in the control of the pathophysiology of prostate cells

and, therefore, any dysregulation in the normal expression pattern of

these regulatory systems, as the observed under obesity conditions

in this study might have some potential pathological implications.

Indeed, there is currently strong evidence supporting the existence of

a clear association between alterations in the metabolic and hormonal

status (e.g. changes in circulating insulin, IGF1 and/or GH levels, obe-

sity, diabetes) and a higher risk of developing, and an increased
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aggressiveness of, certain types of cancer, including prostate cancer

[61–63]. In this sense, we did not find any difference in circulating Gh

levels in obese mice, likely because of the intrinsic pulsatility of Gh

secretion. In contrast, it is plausible that the elevated levels of circu-

lating Igf1 and insulin found in obese versus lean vehicle-treated mice

could have some pathophysiological implications at the PG level.

Indeed, we used mouse primary prostate cell cultures to determine

whether insulin and/or IGF1 could directly be responsible for the alter-

ations in the expression of the components of the GH, IGF1 and insu-

lin axes observed in vivo in obese mice (i.e. down-regulation of Ghr

and up-regulation of Igfbp3). Interestingly, similar to that found

in vivo, we found that the expression of Ghr (but not Igf1r or Insr)

was reduced in response to Igf1, but not insulin treatment in mouse

primary prostate cell cultures. Thus, the reduction in Gh signalling at

the PG level found in vivo (and also in vitro in response to Igf1 treat-

ment) may suggest the existence of a negative feedback in this gland,

similar to that previously reported at the pituitary [64], wherein exces-

sive circulating Igf1 levels could be exerting a regulatory negative

feedback by downregulating of Gh signalling. Moreover, similar to

that found in vivo, we also observed that Igfbp3 expression tended to

be increased in response to insulin in mouse primary prostate cell

cultures, which might have some important pathophysiological impli-

cations, as Igfbp3 has been shown to be overexpressed in tumoral

versus normal-benign PGs and is associated with enhanced malig-

nancy features in prostate cells [65–67]. Therefore, although insulin

and IGF1 did not exert identical actions, likely because of the dissimi-

lar affinity of both hormones to insulin and IGF1 receptors (forming

homo- and hetero-dimers) [68], these data reinforce the contention

that insulin and IGF1 are main regulators of PG physiology, and antic-

ipate that the changes observed in obese mice could play a role in the

pathogenesis of the PG. Nonetheless, the data presented herein using

androgen-independent and androgen-sensitive prostate cancer cell

lines (PC3 and LNCaP) demonstrate that IGF1 and/or insulin can simi-

larly modulate some parameters related to prostate cancer patho-

physiology such as proliferation and expression of relevant receptors

(INSR, IGFR or GHR), and therefore, we might speculate that these

actions of insulin and IGF1 might be androgen independent. Particu-

larly, both hormones altered the expression of INSR, IGFR and GHR

and increased the capacity of PC3 cells to migrate. In addition, IGF1

was also able to promote the proliferation of both LNCaP an PC3

cells, which could be likely associated with the prominent increase in

the expression of two proliferation markers (PTTG and Ki67), at least

in the case of PC3 cells. Remarkably, these results are in partial

agreement with a previous report showing a role of insulin and IGF1

in the modulation of some of these tumoral parameters [69], in par-

ticular a consistent stimulatory effect of IGF1 and insulin on cell pro-

liferation in several prostate cancer cell lines [69]. Therefore, these

results, together with other studies reporting a clear association of

the risk of prostate cancer with IGF1 levels, insulin levels and/or insu-

lin resistance [18, 34–36, 70], reinforce the importance of these two

hormones in the pathophysiology of the PG and suggest their putative

utility in the prognosis and/or treatment of prostate cancer. In addi-

tion, from a clinical point of view, as metformin, an antidiabetic drug

associated with a reduction in PCa risk [71, 72], has been shown to

reduce insulin levels and insulin resistance, the results presented

herein could invite to suggest that one of the putative mechanisms

that might help to explain the beneficial actions of metformin on PCa

development and progression might be the reduction in insulin resis-

tance at the PG level.

Altogether, the data presented herein demonstrate, for the first

time, that the PG becomes severely insulin resistant under diet-

induced obesity in mice and that most of the components of the GH,

insulin and IGF1 regulatory axis are present in the PG, wherein their

expression pattern is altered under diet-induced obesity and after an

acute insulin treatment. These data, together with the in vitro results

confirming and expanding the direct role of insulin and IGF1 in the

control of normal and pathological prostate cells, demonstrate a rele-

vant crosstalk between the endocrine–metabolic status and the devel-

opment and homeostasis of the PG, wherein some components of

the GH, insulin and IGF1 axes could play a significant pathophysiolog-

ical role.
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Table S1: Specific set of primers used for the amplification of mouse and human transcripts by qPCR 

 

 
Amplified product Sense Antisense 

Accession 

Number 

Product   

lenght 

M
ic

e
 

B Actin (Actb) 5'-CTGGGACGACATGGAGAAGA-3' 5'-ACCAGAGGCATACAGGGACA-3' NM_007393.2 205 

Hprt 5'-CAGTCAACGGGGGACATAAA-3' 5'-AGAGGTCCTTTTCACCAGCAA-3' NM_013556 183 

Cyclophilin A (CypA) 5'-TGGTCTTTGGGAAGGTGAAAG-3' 5'-TGTCCACAGTCGGAAATGGT-3' NM_008907.1 109 

Gh 5'-CCTCAGCAGGATTTTCACCA-3' 5'-CTTGAGGATCTGCCCAACAC-3' NM_008117.3 142 

Ghr 5'-GATTTTACCCCCAGTCCCAGTTC-3' 5'-GACCCTTCAGTCTTCTCATCCACA-3' BC075720 198 

Igf1 5'-TCGTCTTCACACCTCTTCTACCT-3' 5'-ACTCATCCACAATGCCTGTCT-3' NM_010512.3 202 

Igf1r 5'-TGGAGTGCTGTATGCTTCTGTG-3' 5'-CTGGTTTCGGGTTCATCCTT-3' NM_010513 180 

Igfbp2 5'-GCGGGTACCTGTGAAAAGAGA-3' 5'-ACTGCTACCACCTCCCAACA-3' NM_008342.3 135 

Igfbp3 5'-GGCAGCCTAAGCACCTACCT-3' 5'-CAACCTGGCTTTCCACACTC-3' NM_008343 97 

Insr 5'-TCATGGATGGAGGCTATCTGG-3' 5'-CCTTGAGCAGGTTGACGATTT-3' NM_010568 129 

Glut4 5'-TGGGAAGGAAAAGGGCTATG-3' 5'-TGAGGAACCGTCCAAGAATG-3' AB008453.1 117 

H
u

m
a

n
 

B ACTIN (ACTB) 5'-ACTCTTCCAGCCTTCCTTCCT-3' 5'-CAGTGATCTCCTTCTGCATCCT-3' NM_001101 176 

HPRT 5'-CTGAGGATTTGGAAAGGGTGT-3' 5'-TAATCCAGCAGGTCAGCAAAG-3' BT019350 157 

CYCLOPHILIN A (CYPA) 5'-TGGTCTTTGGGAAGGTGAAAG-3' 5'-TGTCCACAGTCGGAAATGGT-3' AF022115.1 109 

GH 5'-GACCTAGAGGAAGGCATCCAAA-3' 5'-AGCAGCCCGTAGTTCTTGAGTAG-3' NM_000515 141 

GHR 5'-CAGAGGTTAAAAGGGGAAGCA-3' 5'-AATATGGGCAGCTTGGTGAG-3' NM_000163.4 143 

IGF1 5'-CATGTCCTCCTCGCATCTCT-3' 5'-CATACCCTGTGGGCTTGTTG-3' NM_000618.4 161 

IGF1R 5'-GAGGAAGTGACGGGGACTAAA-3' 5'-GTGGTGGTGGAGGTGAAATG-3' NM_000875.4 113 

IGFBP3 5'-CAAGAAAGGGCATGCTAAAGAC-3' 5'-GTGTGTCTTCCATTTCTCTACGG-3' 
NM_001013398.

1 
137 

INSR 5'-CTTGGGGTTCATGCTGTTCT-3' 5'-TTCTGTGATTTGGGGTCGTT-3' NM_000208.3 177 

PTTG 5'-GGCTGTTAAGACCTGCAATAATC-3' 5'-TTCAGCCCATCCTTAGCAAC-3' NM_004219.2 101 

KI67 5'-GACATCCGTATCCAGCTTCCT-3' 5'-GCCGTACAGGCTCATCAATAAC.-3' NM_002417 139 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4373840/table/pone.0120955.t001/


Table S2. Characterization of the high-fat diet-induced obese model. Data represent means ± SEM (n=4-9). 

Numbers in parentheses indicate the number of samples analyzed for each parameter. Asterisks indicate values that 

differ between HFD and LFD (*, p<0,05; ***, p<0,001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 LFD HFD 

Body Weigth (g) 29.52 ± 1.03 (5) 49.2 ± 1.34*** (4) 

Visceral  fat (g) 0.80 ± 0.13 (5) 2.27 ± 0.27* (4) 

Subcutaneous fat (g) 0.25 ± 0.05 (5) 1.72 ± 0.18* (4) 

Retroperitoneal fat (g)  0.12 ± 0.03 (5) 0.71 ± 0.05* (4) 

Mesenteric fat (g) 0.21 ± 0.04 (5) 1.24 ± 0.08* (4) 

Brown fat (g) 0.25 ± 0.03 (5) 0.55 ± 0.04* (4) 

Liver weight (g) 1.27 ± 0.03 (5) 1.92 ± 0.15* (4) 

IGF1 168.44 ± 70.49 (5) 467.87 ± 84.76 (4) 

Costicosterone 63.19 ± 3.99 (5) 104.08 ± 4.15 (4) 

GH 0.85 ± 0.63 (5) 0.46 ± 016 (4) 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4373840/table/pone.0120955.t001/
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Metformin Reduces Prostate Tumor Growth,

in a Diet-Dependent Manner, by Modulating

Multiple Signaling Pathways

Andr�e Sarmento-Cabral1,2,3,4,5, Fernando L-L�opez1,2,3,4,5, Manuel D. Gahete1,2,3,4,5,

Justo P. Casta~no1,2,3,4,5, and Ra�ul M. Luque1,2,3,4,5

Abstract

Prostate-cancer is strongly influenced by obesity, wherein

metformin could represent a promising treatment; however,

the endocrine metabolic/cellular/molecular mechanisms

underlying these associations and effects are still unclear. To

determine the beneficial antitumoral effects of metformin on

prostate cancer progression/aggressiveness and the relative

contribution of high-fat diet (HFD; independently of obesity),

we used HFD-fed immunosuppressed mice inoculated with

PC3 cells (which exhibited partial resistance to diet-induced

obesity) compared with low-fat diet (LFD)-fed control mice.

Moreover, gene expression analysis was performed on cancer-

associated genes in the xenografted tumors, and the antitu-

morigenic role of metformin on tumoral (PC3/22Rv1/LNCaP)

and normal (RWPE1) prostate cells was evaluated. The results

demonstrate that HFD is associated with enhanced prostate

cancer growth irrespective of body weight gain and endocrine

metabolic dysregulations and that metformin can reduce pros-

tate cancer growth under LFD but more prominently under

HFD, acting through the modulation of several tumoral-asso-

ciated processes (e.g., cell cycle, apoptosis, and/or necrosis).

Moreover, the actions observed in vivo could be mediated by

the modulation of the local expression of GH/IGF1 axis com-

ponents. Finally, it was demonstrated that metformin had

disparate effects on proliferation, migration, and prostate-spe-

cific antigen secretion from different cell lines. Altogether, these

data reveal that metformin inhibits prostate cancer growth

under LFD and, specially, under HFD conditions through

multiple metabolic/tumoral signaling pathways.

Implications: The current study linking dietary influence on

metformin-regulated signaling pathways and antitumoral

response provides new and critical insight on environment–

host interactions in cancer and therapy. Mol Cancer Res; 1–13.

�2017 AACR.

Introduction

Prostate cancer is the second most common type of cancer

among men in developed regions, and the age at diagnosis is

decreasing (1). Obesity, a multifactorial disease with increasing

incidence in developed countries and strongly linked to high-

fat diet (HFD) consumption, is associated with development/

progression of several cancer types (2). This association is of

special relevance in prostate cancer, an endocrine-related cancer

strongly influenced by the androgenic status (3). Of note,

obesity seems to influence prostate cancer development as

much as obesity is related with 15% to 20% of cancer incidence

(4) and with higher risk of prostate cancer development after

benign prostatic hyperplasias (5). Remarkably, obesity is also

associated with prostate cancer progression in that obese indi-

viduals exhibit larger tumors (6) and higher grade prostate

cancer (7). Therefore, these studies suggest that prostate cancer

development, progression, and outcome are more severe when

they coexist with endocrine metabolic alterations (8). In this

sense, one of the major causes of the development of endocrine

metabolic alterations in developed countries has been associ-

ated to an HFD consumption (9); however, to date there are no

convincing data demonstrating whether prostate cancer pro-

gression/aggressiveness is linked to HFD consumption, inde-

pendently of obesity and its associated endocrine metabolic

alterations such as hyperinsulinemia and hyperglycemia, and,

therefore, the precise cellular/molecular mechanisms underly-

ing this potential association remain unknown.

In this scenario, it is remarkable that metformin, an oral anti-

diabetic drug commonly used to treat type 2 diabetes (T2D), has

been associated with decreased incidence of some cancer types

(10, 11). Particularly, recent retrospective clinical studies indicate

that metformin is associated with lower incidence and recurrence

of prostate cancer in patients with T2D (12). This is consistent

with previous in vitro studies demonstrating that metformin can

exert direct effects modulating prostate cancer cell growth and

behavior under normal metabolic conditions (13, 14), as well as

with a report indicating that metformin can also reduce prostate
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cancer growth in in vivo xenograft mouse models under HFD

conditions (15). However, to the best of our knowledge, it has not

been proven to date whether the antitumoral actions of metfor-

min in vivo are related to the metformin-mediated improvement

of the metabolic condition and/or to a direct action on tumoral

prostate cells.

Therefore, a growing body of independent evidence supports

the association between endocrine metabolic alterations (such as

obesity) and the development and progression of prostate cancer,

as well as the promising role of metformin in controlling prostate

cancer outcome; however, to the best of our knowledge, to date,

no studies have specifically focused on simultaneously: (i) deter-

miningwhetherHFDconsumption, independently of obesity and

its associated endocrine metabolic alterations, might be associ-

atedwith the progression/aggressiveness of prostate cancer in vivo,

compared with a low-fat diet (LFD) consumption; (ii) determin-

ing whether the antitumoral effects of metformin in vivo are

similar under LFD and HFD conditions and, most importantly;

(iii) identifying the precise cellular/molecular mechanisms

underlying these potential in vivo associations/effects under

HFD/LFD conditions.

To achieve these goals, we used a combination of different

in vivo and in vitro approaches, including the use of a mouse

model with partial resistance of HFD-induced obesity (16–18)

to dissect out the role of HFD-feeding or LFD-feeding intake

and metformin treatment in the development and progression

of xenografted prostate cancer cells without the confounding

effects of dysregulated endocrine metabolic conditions as well

as, normal-like and/or prostate cancer cell lines to evaluate the

in vitro effect of metformin in proliferation, migration, and/or

prostate-specific antigen (PSA) secretion.

Materials and Methods

Animal model

All experimental procedures were carried out following the

European Regulations for Animal Care, in accordance with

guidelines and regulations, and under the approval of the

University/Regional's Government Research Ethics Commit-

tees. Seven-week-old male immunodeficient NUDE Foxn1nu/

Foxn1nu (n ¼ 22; Janvier Labs) were housed in sterile filter–

capped cages and maintained under standard conditions of

light (12-hour light/dark cycle; lights on at 07:00 h) and

temperature (22�C–24�C), with free access to sterilized diet

and water. Mice were fed with an LFD (Research Diets;

D12450B; 10% Kcal fat, 70% Kcal carbohydrates, 20% Kcal

proteins; 3.85 Kcal/g) or HFD (Research Diets; D12492; 60%

Kcal fat, 20% Kcal carbohydrates, 20% Kcal proteins; 5.24

Kcal/g) for 12 weeks (Supplementary Table S1), starting at

7 weeks of age (micronutrients were equivalent in both diets).

Two weeks after starting the diet, 2.5 � 106 human prostate

cancer cells (PC3) were resuspended in 100 mL BME matrix

(Cultrex Basement Membrane Matrix; Trevigen) and subcuta-

neously xenografted into the right and left back flanks of each

mouse. To estimate food and calorie intake, singled house mice

were provided with preweighted food and, 5 days later, remain-

ing food was collected and weighted. Three weeks after the

inoculations, metformin (Alfa Aesar, Thermo Fisher) or vehicle

treatments were started and maintained during 7 weeks (250

mg/kg/day in drinking water, according to the mouse water

intake; dose of metformin based in previous studies; refs. 19,

20). Mice were randomly assigned to each diet and treatment,

comprising 4 experimental groups: groups 1 and 2 fed a LFD

without metformin (LFD-H2O, n ¼ 5) and with metformin

(LFD-Met, n ¼ 6), respectively; and, groups 3 and 4 fed an HFD

without metformin (HFD-H2O, n ¼ 5) and with metformin

(HFD-Met, n ¼ 6), respectively (Fig. 1A).

Body weights and tumor volumes were measured once a week

with a digital caliper till the day of euthanasia. Tumor volumewas

calculated as previously reported (21). After 7 weeks of treatment

with and without metformin, mice were killed by decapitation

without anesthesia. The whole procedure and the experiment to

generate this mouse model was performed normally, and no

mouse died during the experiment. Trunk blood was collected

and tumors and prostate glands were excised and weighed. A

portion of the tumor was snap-frozen in liquid nitrogen for

protein and RNA expression analyses, and the remaining tissue

was fixed in 10% formalin to obtain sections for histologic

analysis. Body composition was also evaluated using the Body

Composition Analyzer E26-240-RMT (EchoMRI LLC) just before

the killing.

Assessment of plasma hormones

Trunk blood was immediately mixed with MiniProtease

inhibitor (Roche), placed on ice, centrifuged, and plasma was

stored at �80�C. Commercial ELISA kits were used to measure

circulating levels of insulin, leptin, GH (EZRMI-13K, EZML-

82K, EZRMGH-45K, respectively; Millipore), corticosterone,

IGFI (AC-14F1, AC-18F1, respectively, Immunodiagnostic Sys-

tems), and total PSA (RAB0331, Sigma-Aldrich) following the

manufacturer's instructions. All the information regarding spec-

ificity, detectability, and reproducibility for each of the assays

can be accessed at the web site of the company.

RNA extraction, reverse transcription, and quantitative

real-time PCR

Total RNA from tumors and whole normal prostates was

isolated using the AllPrep DNA/RNA/Protein Mini-Kit follow-

ing manufacturer's instructions, treated with DNase (Qiagen),

and quantified with the NanoDrop2000 spectrophotometer

(Thermo Fisher). RNA (1 mg) was reverse-transcribed using

random hexamer primers (RevertAid First Strand cDNA Synthe-

sis Kit, Thermo Fisher). qPCR reactions were performed using

the Brilliant III SYBR-Green QPCR Master Mix (Stratagene) in

the Stratagene Mx3000p system as previously reported (22). To

control for variations in the amount of RNA used and the RT

reaction efficiency, mRNA copy numbers were adjusted by a

normalization factor obtained from the expression of b-ACTIN

and HPRT for tumor samples and b-Actin, Hprt, and cyclophilin

for mouse prostates (housekeeping genes whose expression

did not vary between experimental groups) using the Genorm

application. Standard curves were run in parallel to quantify

the copy number in each sample. Specific primers (Supplemen-

tary Table S2) were designed with Primer3 software and vali-

dated as reported previously (23).

Western blotting

The protein extracted from the tumor with the AllPrep

DNA/RNA/Protein Mini-Kit (previously referred) was resus-

pended in SDS-DTT buffer, sonicated, heated for 5 minutes at

95�C, separated on 10% acrylamide gels, and electrophoreti-

cally transferred to Hybond-ECL nitrocellulose membranes
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(Amersham Biosciences). Blots were blocked in 5% nonfat

dry milk (w/v), dissolved in TBS containing 0.1% Tween-20

(TBS-T), and incubated overnight (4�C) with primary anti-

bodies 1:1,000 against phospho-Ser473 AKT (#9271S; Cell

Signaling Technology), total-AKT (#9272; Cell Signaling Tech-

nology), AKT3 (ab152157, Abcam), GADD45G (ab196774,

Abcam), IL12A (ab131039, Abcam), or 1:500 for TNFa (sc-

52746, Santa Cruz Biotechnology), cyclin D2 (ab81359,

Abcam) in TBS-T, 5% nonfat dry milk. Then, blots were incu-

bated with HRP-conjugated goat-anti rabbit IgG (#7074s; Cell

Signaling Technology) for phospho-Ser473 Akt, total AKT,

AKT3, cyclin D2, GADD45G, IL12A, and HRP-conjugated horse

anti-mouse IgG (#7076, Cell Signaling Technology) in 5% dry

milk, TBS-T for 1 hour, washed, and exposed (5 minutes)

to Clarity Western-ECL Blotting-Substrate (1705060; Bio-Rad

Laboratories). Films were scanned using ImageQuant Las 4000

system (GE Healthcare Europe GmbH) and images were ana-

lyzed using ImageJ.

Prostate cell lines

Three widely accepted human prostate cancer–derived cell

lines, PC3 cells (ATCC CRL-1435), LNCaP (ATCC CRL1740),

22Rv1 (ATCC CRL2505), and one normal prostate cell line

RWPE1 (ATCC CRL-11609) were cultured and maintained fol-

lowing manufacturer's instructions. The cell lines were validated

by the analysis of short tandem repeat (STR; GenePrint 10 System,

Promega) and checked for mycoplasma as previously reported

(24). All cell lines were maintained at 37�C and 5% CO2, under

sterile conditions.

Measurements of proliferation

To evaluate the proliferative response of the normal and

tumoral prostate cells tometformin, a dose–response experiment

(1, 2.5, and 5 mmol/L) was performed in RWPE-1, PC3, LNCaP,

and 22Rv1 cells. Specifically, cells were seeded in 96-well plates at

a density of 5,000 per well (4 wells/treatment in at least 3

independent experiments) and treated with metformin in medi-

um (specific for each of the cell lines used supplemented with 5%

FBS; Sigma). Cell proliferation was measured in a Flex Station 3

(Molecular Devices) at 24, 48, and 72 hours of incubation using

Alamar-Blue assay (Life Technologies), as previously described

(22). Medium was replaced by fresh medium (with the different

treatments) immediately after each measurement.

Measurements of migration capacity

The ability of PC3 and RWPE1 cells to migrate in response to

metformin was evaluated by wound-healing assay as previously

reported (22). Briefly, cells were cultured at subconfluence in

12-well plates and serum-starved for 24 hours. The wound was

made using sterile pipette tips, wells were rinsed in PBS, and

incubated for 14 hours with medium without FBS. Pictures were

taken using a Motic AE2000 camera (Motic Europe). Migration

was evaluated as the area recovered 14 hours after the wound

versus the area just after the wound was performed using the

ImageJ software (RSB). At least n ¼ 3 experiments were per-

formed in independent days, in which 3 random pictures along

the wound were acquired per well.

Histologic analysis

Right after the tumor excision, a section of each tumor

obtained from the mice included in the 4 experimental groups

generated (in vivo experimental model described above:

LFD-H2O, LFD-Met, HFD-H2O, and HFD-Met; n ¼ 5–6) was

fixed in 10% formalin, paraffin-embedded, and sectioned in

7-mm sections for hematoxylin and eosin staining by the

Laboratory of Histology at UCAIB (IMIBIC). All sections

obtained in each experimental group were examined for tumor

necrosis extension and mitotic activity by 2 expert anatomo-

pathologists (in a blinded fashion) using an optic NIKON

eclipse 50i microscope.

Array

nCounter PanCancer Pathways Panel kit (GXA-PATH1-12;

NanoString Technologies) was used and performed at the

Laboratory of Genetics at UCAIB (IMIBIC) to simultaneously

examine the expression of 730 genes associated with cancer

(i.e., 606 genes representing all major cancer pathways and

124 key cancer driver genes). Briefly, after analyzing the quality

of all samples using microelectrophoresis, 100 ng of RNA

from 3 independent tumoral samples (samples with the best

quality) from the 4 experimental groups generated (in vivo

experimental model: LFD-H2O, LFD-Met, HFD-H2O, and

HFD-Met) were loaded in the plate provided in the nCounter

PanCancer Pathways Panel Kit, and the experiment was run

following manufacturer's protocol. The data were analyzed

using the nSolverAnalysisSoftware3.0.22 from NanoString

Technologies with the PanCancer Pathways Analysis Module

using 40 genes as housekeeping genes. All specific target

sequences and panel details are available on the manufactures

webpage.

Statistical analysis

Samples from all groups were processed at the same time.

All values are expressed as mean � SEM or compared with

the corresponding controls (set at 100%). In all cases, a

Kolmogorov–Smirnov test was applied to explore the normality

of the values and, subsequently, parametric or nonparametric

tests were implemented to analyze the statistical differences.

Particularly, when only 2 groups were compared, the t test was

used. However, multiple comparisons were performed using a

2-way ANOVA followed by post-hoc analysis (Fisher). P < 0.05

was considered statistically significant. When P values ranged

between <0.1 and >0.05, a trend for significance was indicated

where appropriate. All statistics analyses were performed using

the GraphPad Prism 6.0 software (GraphPad Software Inc.).

Results

Influence of diet on body weight, body composition, metabolic

status, food intake, and normal prostates

The 4 experimental groups of immunodeficient mice were fed

an LFD or anHFD at 7 weeks of age, subcutaneously injected with

PC3 cells at 9 weeks of age and treated, or not, with metformin at

12weeks of age for 7 additional weeks (LFD-H2O, LFD-Met,HFD-

H2O, and HFD-Met) displayed similar body weight gaining

throughout the study (Fig. 1B) and, consequently, presented

similar body weight at the end of the study. In addition, fat and

leanmass percentages (Fig. 1C) and fed glucose and insulin levels

at the moment of euthanasia (Fig. 1D) were similar between

groups. Interestingly, although corticosterone levels were not

altered by diet or metformin treatment, leptin levels were signif-

icant influenced by diet (P < 0.01 by two-way ANOVA), being
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these differences especially drastic in the control (H2O)-treated

group (Fig. 1D). Supporting the body weight results, mice under

an HFD ingested less food than LFD mice, whereas the total

caloric intake of both groups was nearly the same (Fig. 1E).

However, the amount of calories consumed from fat source

was significantly higher in the group fed an HFD than in the

group fed an LFD (i.e., a 6-fold of difference; Fig. 1E).

In addition, we also evaluated the prostate weight and

some relevant proliferation markers (i.e., Ki67, Men 1, Pttg,

c-Myc, and p27), which could serve as surrogate markers of

hyperplasia, to evaluate the impact of diet and metformin

treatment on this gland (Fig. 2). Remarkably, prostate glands

did not exhibit changes in average weight at the end of the

experiment among the different groups (Fig. 2A). However,

prostates from mice included in the HFD-H2O group pre-

sented a significant increase in some of the proliferation

markers analyzed (Ki67 and Men1 but not Pttg, p27, and c-

Myc) mRNA levels when compared with LFD-H2O. Interest-

ingly, this difference was not patent when comparing HFD-

Met with LFD-Met groups (Fig. 2B).

Figure 1.

Characterization of the metabolic phenotype of PC3-inoculated, metformin-treated mice. Scheme of the experimental design and time line (A). Body

weight evolution of LFD- or HFD-fed mice, inoculated with PC3 cells, and treated with vehicle or metformin (Met; 250 mg/kg/d in drinking water; B).

Body composition (lean and fat mass percentages) obtained the day of euthanasia (C). Blood glucose, insulin, corticosterone, and leptin levels

measured on trunk blood collected at euthanasia (D). Food intake, calorie intake, and calorie from fat intake estimated in LFD- and HFD-fed animals

before metformin treatment (E). Values represent the mean � SEM (n ¼ 5-6 mice). Asterisks (�� , P < 0.01; ��� , P < 0.001) indicate significant

changes between vehicle-treated LFD and HFD groups.
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Metformin reduced tumor growth, necrosis, and mitosis in a

diet-dependent manner

The analysis of tumor growth in the different groups

revealed that HFD had a significant effect on tumor growth,

as tumor volume was significantly higher in HFD-H2O than in

LFD-H2O mice (Fig. 3A and B). Remarkably, metformin treat-

ment showed a clear antitumoral effect in both LFD-Met and

HFD-Met groups compared with their controls (LFD-H2O and

HFD-H2O, respectively), being more pronounced in the HFD-

Met group (Fig. 3A and B). Indeed, in LFD-Met versus LFD-

H2O groups, statistical differences in tumor volume were not

found until 35 days after metformin treatment (56 days after

prostate cancer cells inoculation), which were maintained

until the day of euthanasia (Fig. 3A and B). In contrast, in

HFD-Met vs. HFD-H2O groups, tumor volume differences

appeared 22 days after starting metformin treatment (43 days

after prostate cancer cells inoculation) and maintained statis-

tical differences until the end of the study (Fig. 3A and B).

Interestingly, the HFD-Met group exhibited the smaller tumor

among all the groups at the end of the study (Fig. 3A and B).

Consistently, tumor weights at euthanasia were significantly

lower in the HFD-Met group than in HFD-H2O and LFD-Met

groups (Fig. 3C).

After histologic analysis, all tumors were classified as

Gleason 10 poorly differentiated adenocarcinoma, indicating

that all the tumors generated presented similar histotypes

(Supplementary Fig. S1). However, metformin treatment

clearly affected tumor necrosis and mitosis rate in a diet-

depending manner (Fig. 3D). Indeed, LFD groups exhibited

similar necrosis and mitosis rate irrespective of the treat-

ment, whereas metformin significantly reduced tumor necrosis

but also mitotic index under HFD conditions (HFD-Met vs.

HFD-H2O; Fig. 3D).

Metformin regulated specific tumor-associated pathways in a

diet-dependent manner

To unveil the molecular alterations associated to the effect

of diet and metformin on tumor growth, an expression array

that comprises the examination of the expression levels of

730 mRNA implicated in 13 key cancer-related pathways was

implemented in tumoral samples from the 4 experimental

groups (see specific changes between groups in Supplementary

Tables S3–S6). This analysis demonstrated a close interaction

between diet and metformin in the regulation of several tumor-

associated genes (Fig. 4A).

First, HFD-H2O promoted significant changes in the expres-

sion of 12 genes associated with MAPK, TGFb, GnRH, and

sphingolipid pathways compared with tumors formed in

LFD-H2O group (Fig. 4A and B; Supplementary Fig. S2A and

Table S3). Second, under LFD conditions, metformin treatment

was associated with the alteration of 9 genes associated to

Ras, MAPK, endocrine resistance, and EGFR pathways com-

pared with LFD-H2O (Fig. 4A and C; Supplementary Fig. S2B

and Table S4).

Finally, metformin induced a profound dysregulation of

tumor-related genes under HFD conditions. Indeed, tumors

induced in the HFD-Met group presented 120 genes differently

expressed when compared with HFD-H2O (Fig. 4A; Supplemen-

tary Table S5) and 136 when compared with LFD-Met group

tumors (Fig. 4A; Supplementary Table S6). In both cases, we

found commonly altered pathways associated to metformin

treatment under HFD conditions such as PI3K/Akt, MAPK, Jak/

STAT, apoptosis, P53, cell cycle, TNF, prostate cancer, proteogly-

cans in cancer and insulin signaling and resistance signaling

pathways [Fig. 4D (HFD-Met vs. HFD-H2O) and E (HFD-Met

vs. LFD-Met)]. However, some pathways were exclusively altered

in HFD-Met versus HFD-H2O such as mTOR, TGF b, AMPK, and

Figure 2.

Weight and expression of key hyperplasic genes in mouse prostate glands. Whole prostate gland weights at the end of the study comparing both

HFD and LFD groups treated or not with metformin (A). Ki67, Men1, Pttg, p27, and c-Myc mRNA expression levels [absolute mRNA copy number

adjusted by a normalization factor (NF) calculated from the expression of Hprt, b-Actin, and cyclophilin; n ¼ 5–6] (B). Values represent the

mean � SEM. Asterisks (� , P < 0.05) indicate significant differences compared with the respective control.
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NF-kB pathways (Fig. 4D) or in HFD-Met versus LFD-Met such as

actin cytoskeleton and endocrine resistance pathways (Fig. 4E).

Remarkably, the patterns of expression of genes related to

some of these pathways were able to distinguish between experi-

mental groups (Fig. 4F), suggesting the existence of a specific

metformin-induced molecular fingerprint, especially under

HFD conditions. Particularly, tumors formed in the HFD-Met

group compared with those under HFD-H2O conditions were

clearly identified by the expression profile of genes involved

in apoptosis and cell-cycle pathways (Fig. 4F, top). Specifically,

we found a clear upregulation of TNFRSF10D, TP53, TNF, and

NGF genes (whose expression was altered more than 2-fold),

suggesting an activation of the apoptotic pathway, and also an

upregulation of TP53 and GADD45G genes, which could be

associated to reduced cell-cycle progression (Supplementary

Figs. S3A, S3B and S4). On the other hand, when comparing

the tumors formed in the HFD-Met versus LFD-Met groups, we

found that JAK/STAT and, once again, cell-cycle–associated

genes could cluster both groups separately (Fig. 4F; bottom).

In this case, the most relevant changes were the upregulation of

CCND2, GADD45G, and TP53 genes (likely resulting in cell-

cycle arrest; Supplementary Figs. S5A and S6), the upregulation

of IL12A, LEP and STAT3, and the downregulation of CBLC and

JAK3 genes which could be associated with an overall regulation

of the JAK/STAT pathway (Supplementary Figs. S5B and S6).

Finally, because of the limited amount of protein obtained

from each tumor, we selected some of the changes observed

between the different experimental groups [i.e., according to the

mRNA fold change, the relevance of the gene within the pathway,

and/or the availability of commercial antibodies (such as TNFa,

AKT3, GADD45G, IL12A, and CCND2)] and tried to validate the

observed changes at protein level (Supplementary Figs. S3 and

S5). Particularly, regarding the comparison between HFD-Met

versus HFD-H2O, no statistical differences in any of the analyzed

proteins (GADD45G, TNFa, AKT3) were found (Supplementary

Fig. S3C); however, in the 3 cases (wherein metformin treatment

clearly increased the mRNA levels), we could observe a small

nonsignificant increase at protein level. Regarding the comparison

between HFD-Met and LFD-Met, we could corroborate at protein

level the increased mRNA expression of AKT3, but we could

not find statistical differences in CCND2, GADD45G, or IL12A

(Supplementary Fig. S5C).

Metformin and diet altered the components of GH/IGF1 axis

As diet-induced metabolic dysbalances and tumor growth

can be associated with alterations in the components of the

GH/IGF axis (25), we determined plasma Gh and Igf1 levels and

the tumoral expression of GHR, insulin receptor (INSR), insulin-

like growth factor 1 receptor (IGF1R), and IGF1-binding protein

3 (IGFBP3) in all groups (Fig. 5). Our data indicated that

although circulating Gh and Igf1 levels did not significantly

change by diet or treatment, metformin seemed to increase Gh

levels (P ¼ 0.18 by 2-way ANOVA, Fig. 5A) and to reduce Igf1

levels (P ¼ 0.09 by 2-way ANOVA, Fig. 5A). The expression of

some of these receptors and IGFBP3 was altered by metformin

treatment and/or diet. Specifically, HFD increased GHR, IGFBP3

Figure 3.

Evolution and histologic evaluation of the tumors formed. Tumor volume recorded weekly on LFD- or HFD-fed mice, inoculated with PC3 cells, and

treated with vehicle or metformin (Met; 250 mg/kg/d in drinking water) during 10 weeks (A) and volume at the end of experiment (B). Symbols

indicate significant differences between HFD-H2O and HFD-Met (&, P < 0.05; &&, P < 0.01; &&&, P < 0.001), LFD-Met versus HFD-Met (#, P < 0.05; ##, P < 0.01;

###, P < 0.001), LFD-H2O versus LFD-Met ($, P < 0.05; $$, P < 0.01; $$$, P < 0.001), and LFD-H2O versus HFD-H2O (þ, P < 0.05; þþ, P < 0.01; þþþ,

P < 0.001; A and B). Tumor weight measured after excision at euthanasia (C). Histologic analysis of the necrosis percentage and number of mitosis on

the tumors formed (D). C and D, asterisks (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001) indicate significant differences between groups. In all cases, values

represent the mean � SEM (n ¼ 9–11 tumors).
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and decreased INSR (Fig. 5B). Interestingly, metformin increased

GHR expression under LFD conditions but decreased under HFD

feeding (Fig. 5B). Moreover, IGF1R was downregulated by met-

formin treatment only in the LFD group (Fig. 5B), and IGFBP3

expression was downregulated by metformin in the HFD group

(Fig. 5B). In contrast, metformin treatment did not alter INSR

Figure 4.

Gene expression characterization of

xenografted tumors. Venn diagram

representing the number of genes whose

expression was significantly altered between

the compared groups (P < 0.05, 730 genes

analyzed and normalized using 40

housekeeping genes; A). Analysis of the

pathways significantly altered using KEGG

database (B–E). Heatmaps of the pathway that

significantly differentiate between the 2

compared groups, obtained by nSolver Analysis

Software (F). All these datawere obtained from

n ¼ 3 tumors from each condition (diet and

treatment).

Diet-Dependent Effects of Metformin

www.aacrjournals.org Mol Cancer Res; 2017 OF7

on May 19, 2017. © 2017 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst April 6, 2017; DOI: 10.1158/1541-7786.MCR-16-0493 

http://mcr.aacrjournals.org/


expression levels (Fig. 5B). Next, as mRNA gene expression does

not always necessarily reflect changes in the protein expression

levels, we aimed to validate key results by Western blotting.

However, because of the fact that available specific commercial

antibodies against these proteins (GHR, INSR, or IGF1R) are

limited and their validity is compromised [as we have recently

reported in a previous study (ref. 26)], together with the limited

amount of protein obtained from each tumor, led us to evaluate

AKT phosphorylation as a marker of the activation of the referred

receptors. Despite the observed changes on the upstream signal-

ization at mRNA levels, we did not find significant changes in

the p-AKT/AKT ratio between experimental groups (Fig. 5C).

Figure 5.

Effects of diet and metformin on the components of GH, IGF1, and insulin axis. Circulating Gh and Igf1 levels of LFD- or HFD-fed mice, inoculated with

PC3 cells and treated with vehicle or metformin (Met; 250 mg/kg/d in drinking water) at euthanasia (n ¼ 5–6 mice; A). mRNA expression levels of GHR, INSR,

IGF1R, and IGFBP3 [absolute mRNA copy number adjusted by a normalization factor (NF) calculated from the expression of HPRT and b-ACTIN] in PC3

xenografted samples (n ¼ 9–11 tumors; B). AKT phosphorylation status on the different tumor samples determined by Western blotting (C). Values

represent the mean � SEM. Asterisks (� , P < 0.05) indicate significant differences compared with the respective control.

Sarmento-Cabral et al.

Mol Cancer Res; 2017 Molecular Cancer ResearchOF8

on May 19, 2017. © 2017 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst April 6, 2017; DOI: 10.1158/1541-7786.MCR-16-0493 

http://mcr.aacrjournals.org/


However, it should bementioned that there existed a tendency for

the reduction of AKT signaling in metformin-treated animals

compared with HFD groups (P ¼ 0.07), which did not reach

statistical significance probably due to the limited number of

samples available (n ¼ 5–6/group).

Cell line proliferation and migration

To corroborate the direct effect of metformin on prostate cells,

we analyzed the effect ofmetformin on key functional parameters

(proliferation, migration, and PSA secretion) using tumoral and

normal human prostate cell lines. First, we observed that the

inhibitory effect of metformin treatment on proliferation rate

seemed to be time-, dose-, and cell line–dependent. Particularly,

metformin (2.5–5mmol/L) decreased the proliferation of normal

RWPE1 cells at 72 hours of incubation (Fig. 6A). Similar results

were observed in LNCaP cells, as metformin treatment decreased

the proliferation rate at the different doses tested (1, 2.5, and 5

mmol/L),whereasmetforminonly decreased proliferation inPC3

cells after 72 hours of incubation with a 5mmol/L dose (Fig. 6A).

However, metformin did not affect proliferation rate of 22Rv1

cells at any dose or time of incubation tested (Fig. 6A). Further-

more, metformin treatment (5 mmol/L) also decreased cell

migration in PC3 cells (�30%) and in normal RWPE1 cells

(�80%; Fig. 6B). However, metformin did not alter PSA secretion

in LNCaP cells but tended to decrease PSA secretion in 22Rv1 cells

(P ¼ 0.06; Fig. 6C).

Discussion

Prostate cancer, one of the most severe health problems

for the male population worldwide, is strongly influenced by

Figure 6.

In vitro effects of metformin on normal and tumoral prostate cell lines. Effect of metformin (Met) at different doses on cell proliferation (24, 48, and

72 hours) of RWPE1, LNCaP, PC3, and 22Rv1 cells (A). Effect of metformin on LNCaP and 22Rv1 cell lines PSA secretion (B). Effect of metformin on

PC3 and RWPE1 cell migration (C). Values represent the mean � SEM (n ¼ 3–4 individual experiments, 2–4 wells/experiment). Asterisks (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001) indicate significant differences compared with control.
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obesity, wherein metformin could represent a promising treat-

ment (12). However, the endocrine metabolic, cellular, and

molecular mechanisms underlying these associations are still

unknown. In this study, we demonstrate, for the first time, that

HFD is associated with enhanced prostate cancer growth irre-

spective of body weight gain and endocrine metabolic dysre-

gulations and that metformin can reduce prostate cancer

growth under LFD but more prominently under HFD, acting

through the modulation of several key tumoral-associated

processes such as cell-cycle regulation, apoptosis, etc. It should

be, however, noted that all these data have been generated from

human prostate cancer cell line–derived tumors engrafted on

immunodeficient mice fed different diet regimens and that,

therefore, the results must be carefully translated to other

prostate cancer and diet models.

To determine the relative contribution of the obesity-associ-

ated dysregulations of the endocrine metabolic milieu (altera-

tions in the glucose/insulin metabolism and other systemic

changes) in the pathologic association between HFD and pros-

tate cancer and in the beneficial antitumoral effects of metfor-

min, we used a mouse model with partial resistance to HFD-

induced obesity (16–18) to be able to analyze the role of the

intake of higher fat proportion in the diet (HFD-feeding) and

metformin treatment in the progression of xenografted prostate

cancer cells without the confounding effects of dysregulated

endocrine metabolic conditions. As previously reported, this

mouse model did not significantly gain body weight under HFD

feeding compared with LFD animals (16–18), which was

accompanied by similar body composition and glucose, insulin,

and corticosterone levels, with the only observed alteration in

leptin levels, which were elevated in HFD-fed mice. Moreover,

although we did not specifically analyze the level of hyperplasia

in the prostate in response to HFD, which has been previously

associated with obesity (5), we found that various surrogate

proliferation markers were upregulated (i.e., Ki67 and Men1)

under HFD conditions. Under these conditions, tumors en-

grafted in HFD-fed animals exhibited an accelerated growth

rate compared with LFD-fed mice, suggesting an association

between high calorie intake from fat and prostate cancer growth.

Of note, these results are consistent with previous studies in

TRAMP mice showing that HFD can promote prostate tumor

formation, likely due to an increase in cytokines (27), and

tumor growth compared with lean mice (28). Similarly, these

data are also in agreement with previous reports showing that

an HFD could increase the tumor growth in LNCaP xenografts,

wherein this effect was due to high levels of diet-induced

insulin/IGF1 (29, 30). However, this is the first study demon-

strating that the intake of a higher fat proportion in the diet due

to HFD feeding can promote the growth of the xenografted

prostate cancer cell irrespective of major metabolic dysregula-

tions including body composition and glucose, insulin or, even,

corticosterone levels. Indeed, we performed a gene expression

array in a subset of the tumors formed which indicated that

these effects may be due to the modulation of certain genes

involved in relevant tumor-associated pathways as is the case

of increased expression of MAP2K6 and PLCB4 or decreased

expression of SMAD4 and PRKAR1B, which have been shown

to be involved in the activation of MAPK or GnRH pathways

(31, 32). It should be nevertheless noted that these mice

presented elevated leptin levels under HFD feeding, which have

been associated with JAK/STAT pathway activation and tumor

growth (33) and could, therefore, help explain, at least in part,

the results observed herein. It is also worth mentioning that

these mice were young (i.e., 19 weeks of age at the end of the

study) and that these results should be, therefore, confirmed in

older mice to support their universality.

On the other hand, epidemiologic studies indicate obvious

associations between metformin treatment and reduced prostate

cancer incidence and aggressiveness in diabetic patients (12),

which is consistent with the solid in vitro data of an antitumori-

genic effect of metformin on prostate cancer (13, 14, 34). How-

ever, it has not been demonstrated the mechanisms underlying

the antitumoral action of metformin in vivo and whether metfor-

min could also exert beneficial effects on prostate cancer devel-

opment and progression under normal metabolic conditions. In

particular, the data presented herein confirm and expandprevious

results demonstrating a clear antitumoral role of metformin on

prostate cancer cells. However, although previous studies showed

similar effects of metformin on the regulation of diverse cell lines

(20), we found different responses to metformin depending on

cell type, dose, and treatment duration. Particularly, we observed

that 22Rv1 cells were not affected by metformin at any dose or

time tested, whereas metformin exerted clear effects on LNCaP

and PC3 cells. Indeed, the LNCaP cells seemed to be the most

sensitive, showing decreased proliferation after 48 hours with 2.5

to 5 mmol/L of metformin, whereas PC3 cells presented signif-

icantly lower proliferation only after 72 hours with 5 mmol/L of

metformin. Interestingly, the behavior of the different cell lines to

metformin could be related to the PTEN expression considering

that both LNCaP and PC3 have compromised PTEN expression

whereas 22Rv1 does not, together with the fact that PI3K/PTEN

status seems to be important for diet and GH/IGF1-mediated

signaling (35, 36). In addition, metformin also decreased prolif-

eration in normal RWPE1 cells at 72 hours at the higher doses

(2.5–5 mmol/L). Furthermore, 5 mmol/L metformin treatment

also decreased migration of PC3 and RWPE1 cells. Although,

metformin does not affect PSA secretion in LNCaP cells, it seemed

to decrease it in 22Rv1 cells (P ¼ 0.06). Therefore, these results

suggest a differential role of metformin on functional para-

meters associated with the pathophysiology of the prostate gland;

however, it is worth mentioning that these results have been

generated by using normal and prostate cancer cell lines and,

therefore, caution should be taken when trying to translate these

results to in vivo prostate gland behavior. Moreover, it should

be mentioned that although the doses used in vitro and in vivo

are not identical, these doses have been selected on the basis of

previous studies that demonstrate that higher doses of met-

formin are required in vitro to elicit the effects observed in vivo

(for review, see ref. 37).

In this context, it is even more noteworthy the fact that our

results demonstrate an effective antitumoral role of orally con-

sumed metformin under both, LFD and HFD, conditions. In the

case of LFD feeding, the tumors induced in mice treated with

metformin exhibited reduced volume and growth than those

induced in control (H2O)-treated mice, demonstrating that met-

formin could also display antitumoral effects on prostate cancer

development and progression in vivo under conditions of stan-

dard nutrition and balanced endocrine metabolic status, through

the modulation of the expression of key genes (DAXX, ERBB2, or

SHC4) involved in tumor-associated pathways such as MAPK or

EGFR. These data correlate well with previous studies reporting

that intraperitoneally injected or oral metformin treatment has
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the ability to reduce tumor volume in LNCaP xenografts under

chow diet (13) and that different concentrations of intraperito-

neally injected metformin could reduce PC3-generated tumors in

a dose-dependent manner on mice fed a normal diet (20).

As expected, our data demonstrate that metformin especially

exhibited antitumoral effects on prostate cancer cells under

HFD conditions, which is consistent with recent studies (20),

reporting that metformin treatment reduces tumor growth after

4 weeks of a daily intraperitoneal injection of 250 mg/kg in

HFD-fed mice. However, our results demonstrate for first time

that, surprisingly, metformin treatment is much more effective

under HFD conditions than under LFD, despite the fact that

HFD-fed animals did not present severe endocrine metabolic

dysregulation, which suggests a putative crosstalk between HFD

feeding (i.e., higher fat proportion in the diet) and metformin

treatment on prostate cancer development and progression.

This improved performance of metformin on prostate cancer

cells under HFD conditions was associated with the modula-

tion of the expression of numerous genes involved in the

pathologic development or progression of the tumors. Indeed,

the molecular analysis implemented on tumors formed in

HFD-fed mice treated with metformin revealed a drastic alter-

ation on the expression of genes associated with several path-

ways and cellular processes including apoptosis, cell cycle, Jak/

Stat, PI3K/Akt, MAPK, p53, TNF, insulin signaling and resis-

tance, TGF b signaling pathways (when comparing HFD-Met vs.

HFD-H2O or LFD-Met mice) and mTOR, AMPK, and NF-kB

(which were exclusively altered in HFD-Met vs. HFD-H2O

mice). In this regard, it is remarkable the fact that the expression

pattern of some of these genes involved in certain pathways and

cellular processes such as apoptosis, Jak/Stat, and specially cell

cycle [(upregulation of TNF, NGF, CCND2, IL12A and down-

regulation of CBLC (Cbl proto-oncogene C)] can discriminate

between the tumors induced in HFD-Met mice compared with

the tumors formed in HFD-H2O or LFD-Met mice, suggesting

that metformin could induce a characteristic gene expression

fingerprint associated with cell-cycle progression under HFD,

which could be associated with its antitumoral effects under

HFD conditions (38–43). Moreover, these results are consistent

with the anatomopathologic analysis of the samples, which

indicates that HFD-Met mice tumors exhibited lower number

of mitosis than HFD-H2O mice.

Finally, although HFD-fedmice did not exhibit drastic changes

in the endocrine metabolic profile (likely due to the particular

resistance of this strain), obesity and diet have been associated in

many studies with a dysregulation of the regulatory GH/IGF1 axis

(26). This could be of particular importance considering the role

exerted by this regulatory axis on the development and progres-

sion of prostate cancer. In particular, high IGF1 levels are related

with higher incidence, increased progression, and poor prognosis

of several human cancers (44), whereinmenwith high circulating

IGF1 concentrations have been shown to exhibit 47% higher risk

of developing prostate cancer (44). Indeed, IGF1 is an important

regulator of cell proliferation, differentiation, and apoptosis (45),

and the GH/IGF1 axis has been shown to be associated with

prostate cancer development (46). Interestingly, we found a slight

tendency for the reduction of Igf1 levels under metformin treat-

ment irrespective of the diet (P<0.1), which could help explain, at

least in part, the fact that metformin-treated mice presented

smaller tumors. In addition, we observed that IGF1R, which has

been associated with tumor growth or progression and is over-

expressed in prostate cancer (47), was decreased in LFD-Metmice,

which is in line with a previous report (19) and provides addi-

tional putative drivers of the beneficial effects elicited by metfor-

min under LFD conditions. On the other hand, metformin

treatment in HFD-fed mice was associated with decreased expres-

sion of GHR and IGFBP3. Interestingly, GHR appeared to be

upregulated in colorectal and breast cancer samples (48), and its

downregulation is associated with better metabolic profile and

lower cancer incidence (49),whereas IGFBP3 levels are elevated in

patients with prostate cancer (50), suggesting that metformin

could be partially exerting its beneficial effects under HFD con-

ditions through the regulation of the local expression of different

GH/IGF1 axis components. Remarkably, whether these expres-

sion changes are accompanied by alterations in protein levels is

still to be defined.

Altogether, our results demonstrate that HFD is associated with

enhanced prostate cancer growth in xenografted tumors irrespec-

tive of body weight gain and endocrine metabolic dysregulations

and thatmetformin is able to reduce prostate cancer growth under

LFD but more prominently under HFD, acting through the

modulation of several key tumoral-associated processes such as

cell cycle and/or apoptosis. Interestingly, we also observed that

metformin had dissimilar effects on proliferation, migration, and

PSA secretion fromdifferent cell lines and that someof the actions

observed in vivo could bemediated by themodulation of the local

expression of GH/IGF1 axis components.
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Supplementary Figures 

 

Supplementary Figure 1– Representative image of the size and anatomo-pathological 

evaluation of the generated tumors. All tumors were analyzed by expert pathologists and 

classified as Gleason 10 poorly-differentiated adenocarcinomas, indicating no differences on 

the anatomo-pathological type of all generated tumors. Tumor slides were photographed on a 

NIKON eclipse 50i with 40x and 100x magnification. White scale bar: 500 µm; black scale bar 

200 µm. 
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Supplementary Figure 2– Relative expression (fold-change) of all the significantly altered genes when 

comparing HFD- and LFD-fed control groups (HFD-H2O and LFD-H2O respectively) (A) and both LFD-

fed mice treated with metformin or vehicle (LFD-Met and LFD-H2O) (B). Data are represented as Log 

(Fold change) -lower limit or + upper limit, n=3/group. 
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Supplementary Figure 3 – Relative expression (fold-change) of all the significantly altered genes within 

the apoptosis (A) and cell cycle (B) pathways when comparing both HFD-fed, mice treated with 

metformin or vehicle (HFD-Met and HFD-H2O). Data are represented as Log (Fold change) -lower limit 

or + upper limit, n=3/group. GADD45G, TNFα and AKT3 protein expression levels (C) measured by 

western blot and normalized by Ponceau staining (n=3-4/group). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4 – Representative conceptual maps depicting the genes associated to apoptosis 

(upper panel) and cell cycle (lower panel) pathways whose expression is significantly altered when 

comparing both HFD-fed groups, treated with metformin or vehicle (HFD-Met with HFD-H2O. Maps 

were obtained using the names of the significantly altered genes and plotted as green for upregulation and 

red for downregulation using. “KEGG Mapper – Search&Color Pathway” available online. 
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Supplementary Figure 5 – Relative expression (fold-change) of all the significantly altered genes within 

the cell cycle (A) and JAK-STAT (B) pathways when comparing both metformin-treated groups (HFD-

Met and LFD-Met, respectively). Data are represented as Log (Fold change) -lower limit or + upper limit, 

n=3/group. CCND2, GADD45G, IL12A and AKT3 protein expression levels (C) measured by western 

blot and normalized by Ponceau staining (n=3-4/group). Asterisk (*, p<0.05) indicate significant 

difference between groups. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6 – Representative conceptual maps depicting the genes associated to cell cycle 

(upper panel) and JAK-STAT (lower panel) pathways whose expression is significantly altered when 

comparing both metformin-treated groups (HFD-Met and LFD-Met, respectively). Maps were obtained 

using the names of the significantly altered genes and plotted as green for upregulation and red for 

downregulation using. “KEGG Mapper – Search&Color Pathway” available online. 

 



Supplementary Table S1: Diete composición information  

Diet Company Ref Kcal/g % Proteins %Carbohydrates % Lipids 

Maintenance 
Safe - Scientific Animal  

Food & Engineering 
A04 3,339 19,3 72,4 8,4 

Low Fat Research Diets D12450B 3,85 20 70 10 

High Fat Research Diets D12492 5,24 20 20 60 

 

Supplementary Table S2: Specific set of primers used for the amplification of human and mouse 

transcripts by qPCR 

 
mRNA Sequences Accession Number 

Product 

length 

H
u

m
a

n
 

B ACTIN 

(ACTB) 

Se: ACTCTTCCAGCCTTCCTTCCT 

As: CAGTGATCTCCTTCTGCATCCT 
NM_001101 176 

HPRT 
Se: CTGAGGATTTGGAAAGGGTGT 

As: TAATCCAGCAGGTCAGCAAAG 
BT019350 157 

GHR 
Se: CAGAGGTTAAAAGGGGAAGCA 

As: AATATGGGCAGCTTGGTGAG 
NM_000163.4 143 

IGF1R 
Se: GAGGAAGTGACGGGGACTAAA 

As: GTGGTGGTGGAGGTGAAATG 
NM_000875.4 113 

IGFBP3 
Se: CAAGAAAGGGCATGCTAAAGAC 

As: GTGTGTCTTCCATTTCTCTACGG 
NM_001013398.1 137 

INSR 
Se:  ACGCTCTGGTGTCACTTTCCT 

As: AGCTGCCTTAGGTTCTGGTTG 

NM_000208.3 

NM_001079817.2 
112 

M
o

u
s
e

 

B Actin (Actb) 
Se: CTGGGACGACATGGAGAAGA 

As: ACCAGAGGCATACAGGGACA 
NM_007393.2 205 

Hprt 
Se: CAGTCAACGGGGGACATAAA 

As: AGAGGTCCTTTTCACCAGCAA 
NM_013556 183 

Cyclophilin A 

(CypA) 

Se: TGGTCTTTGGGAAGGTGAAAG 

As: TGTCCACAGTCGGAAATGGT 
NM_008907.1 109 

c-Myc 
Se: TGAAGGCTGGATTTCCTTTG 

As: CGAGGTCATAGTTCCTGTTGGT 

NM_010849.4 

NM_001177353.1 
91 

Ki67 
Se: ACAGACTTGCTCTGGCCTACC 

As: CTTCCTCTTGGTTGGCGTTT 
NM_001081117.2 196 

Men1 
Se: CCACCTGCTGCGATTTTATG 

As: TCTGCTTCCCGGCTAACTATG 

NM_001168488.1 

NM_008583.2 

NM_001168489.1 

156 

Pttg 
Se: GCCTAAAGCCAGCAGAAAGG 

As: TCATCAGGAGCAGGAACAGAA 

NM_001131054.1 

NM_013917.2 
159 

p27 
Se: CGGTGCCTTTAATTGGGTCT 

As: CTGTTCTGTTGGCCCTTTTGT 
NM_009875.4 168 

 

 

 

 

 

 

 

 



Supplementary Table S3 – Effect of HFD on the tumors gene expression. All significantly altered genes 

(down- and up- regulated) among the 730 analyzed genes on de expression array when compared the HFD fed 

mice non treated (HFD-H2O) with the LFD fed mice non treated  (LFD- H2O) 

 

HFD-H2O vs. LFD-H2O 

Downregulated genes   Upregulated genes 

Gene Log fold change P-value Gene Log fold change P-value 

MAPT -0,77 0,0260 PLCB4 0,66 0,0174 

SPRY2 -0,37 0,0275 ALKBH2 0,39 0,0445 

SMAD4 -0,29 0,0399 GLI3 0,36 0,0329 

KLF4 -0,28 0,0113 MAP2K6 0,34 0,0219 

PPP2CB -0,27 0,0178 

KMT2C -0,25 0,0467 

PRKAR1B -0,17 0,0193 

MAPK1 -0,14 0,0341         

 

 

Supplementary Table S4 – Effect of metformina treatment on the tumors gene expression under a LFD. 

All significantly altered genes (down- and up- regulated) among the 730 analyzed genes on de expression 

array comparing both metformina treated and control groups (LFD-Met and LFD- H2O, respectively) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LFD Met vs. LFD H2O 

Downregulated genes   Upregulated genes 

Gene Log fold change P-value Gene Log fold change P-value 

RASA4 -0,45 0,0198 SHC4 0,45 0,0456 

UBE2T -0,21 0,0469 RPS6KA5 0,24 0,0340 

DLL3 -0,16 0,0180 ERBB2 0,23 0,0361 

KMT2D 0,22 0,0075 

NF1 0,17 0,0321 

        DAXX 0,13 0,0316 



Supplementary Table S5 – Effect of metformina treatment on the tumors gene expression under a HFD. 

All significantly altered genes (down- and up- regulated) among the 730 analyzed genes on de expression 

array comparing both metformina treated and control groups (HFD-Met and HFD- H2O, respectively) 

 

HFD Met vs. HFD H2O 

Downregulated genes Upregulated genes 

Gene 
Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

PLCE1 -0,88 0,0412 IL12A 5,36 0,0040 BAIAP3 0,93 0,0279 

LTBP1 -0,85 0,0366 NOTCH3 4,97 0,0051 NFKBIA 0,86 0,0388 

PLCB4 -0,72 0,0039 STAT3 4,83 0,0000 FGF2 0,83 0,0419 

KDM6A -0,71 0,0018 CIC 4,50 0,0072 CDKN1A 0,80 0,0215 

ITGA2 -0,70 0,0241 PPP2R2C 3,85 0,0398 MAP3K14 0,78 0,0461 

ALKBH2 -0,68 0,0080 ZIC2 3,68 0,0178 BRAF 0,78 0,0041 

LIFR -0,65 0,0300 EFNA2 3,57 0,0030 CREB5 0,77 0,0238 

DUSP4 -0,63 0,0329 GADD45G 3,29 0,0060 FAS 0,76 0,0297 

RAC2 -0,61 0,0343 IL8 3,11 0,0026 FOS 0,75 0,0107 

DKK1 -0,61 0,0360 PAK3 3,10 0,0050 RRAS2 0,75 0,0460 

PPARG -0,60 0,0047 TNFRSF10D 2,94 0,0171 ERBB2 0,72 0,0220 

WNT5A -0,59 0,0443 TP53 2,85 0,0007 NFKB1 0,64 0,0386 

KITLG -0,58 0,0087 MPO 2,75 0,0418 SHC1 0,64 0,0053 

MET -0,56 0,0109 TNF 2,67 0,0066 HHEX 0,62 0,0009 

ID2 -0,56 0,0128 AMH 2,66 0,0118 MGMT 0,57 0,0369 

COL4A5 -0,54 0,0227 PTEN 2,64 0,0016 LIF 0,55 0,0153 

HMGA1 -0,53 0,0483 CACNA1E 2,47 0,0209 SMAD2 0,54 0,0228 

RAC3 -0,53 0,0366 NGF 2,31 0,0201 SPRY2 0,54 0,0039 

CDKN2A -0,52 0,0326 FGFR1 2,05 0,0004 PML 0,51 0,0156 

CCND1 -0,49 0,0091 CD40 1,72 0,0057 EFNA5 0,50 0,0386 

KAT2B -0,48 0,0469 ITGB4 1,72 0,0185 CASP8 0,49 0,0311 

FLNC -0,46 0,0297 AKT3 1,63 0,0077 LIG4 0,49 0,0231 

CDC25A -0,45 0,0192 TCF7L1 1,60 0,0375 PRKAR1B 0,47 0,0039 

NTHL1 -0,44 0,0111 MLLT4 1,51 0,0025 ID1 0,46 0,0422 

ITGA6 -0,41 0,0341 PRKAR2B 1,46 0,0193 KLF4 0,44 0,0308 

PRKAR2A -0,38 0,0117 SPRY4 1,41 0,0007 ATR 0,41 0,0125 

CAPN2 -0,38 0,0472 TNFAIP3 1,32 0,0136 DAXX 0,40 0,0018 

SFN -0,38 0,0036 CCNE1 1,23 0,0078 IRS1 0,39 0,0005 

RAF1 -0,34 0,0243 HSPB1 1,17 0,0003 EP300 0,39 0,0271 

E2F5 -0,34 0,0441 SOX9 1,16 0,0027 VEGFC 0,37 0,0353 

EIF4EBP1 -0,34 0,0314 EGFR 1,13 0,0106 SMAD4 0,30 0,0100 

BAD -0,33 0,0194 SPRY1 1,13 0,0035 TNFRSF10B 0,28 0,0404 

BRIP1 -0,32 0,0441 SMO 1,13 0,0113 MAPK1 0,27 0,0160 

PIK3R1 -0,31 0,0331 KRAS 1,07 0,0004 PPP2CB 0,26 0,0004 

NFKBIZ -0,27 0,0494 RAD50 1,07 0,0087 MAP2K2 0,26 0,0303 

TGFB3 -0,26 0,0089 BID 1,06 0,0208 BAX 0,25 0,0156 

ALKBH3 -0,26 0,0467 COL5A2 0,99 0,0102 KMT2C 0,23 0,0029 

PPP3CB -0,23 0,0202 MLF1 0,98 0,0088 PPP3CC 0,21 0,0073 

MAD2L2 -0,23 0,0375 MAP3K1 0,96 0,0275 CBL 0,12 0,0002 

GADD45A -0,22 0,0400 

NPM1 -0,20 0,0002 

WNT3 -0,18 0,0356                 

 

 

 

 

 

 

 

 



Supplementary Table S6 – Effect of HFD on the tumors gene expression on both metformin treated groups. All 

significantly altered genes (down- and up- regulated) among the 730 analyzed genes on de expression array when 

compared both the HFD fed and LFD fed mice treated with metformina (HFD-Met and LFD-Met respectively) 
 

HFD Met vs. LFD Met 

Downregulated genes 

Gene 
Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

CBLC -3,89 0,0022 
 

LIFR -0,61 0,0212 
 

RAD21 -0,41 0,0296 

ALK -1,79 0,0134 
 

FOSL1 -0,61 0,0120 
 

ITGA6 -0,40 0,0121 

JAK3 -1,78 0,0051 
 

ID2 -0,59 0,0422 
 

MAP2K1 -0,40 0,0401 

FST -0,90 0,0453 
 

ITGA3 -0,58 0,0084 
 

PRKACA -0,40 0,0241 

ITGA2 -0,88 0,0169 
 

ERCC2 -0,57 0,0189 
 

EIF4EBP1 -0,40 0,0265 

GHR -0,87 0,0204 
 

FZD8 -0,55 0,0093 
 

SMARCA4 -0,39 0,0327 

FGF1 -0,86 0,0271 
 

EPHA2 -0,51 0,0369 
 

PRKAR2A -0,39 0,0174 

DUSP4 -0,84 0,0115 
 

GPC4 -0,51 0,0373 
 

COL4A5 -0,37 0,0395 

LTBP1 -0,83 0,0008 
 

CAPN2 -0,51 0,0007 
 

TBL1XR1 -0,34 0,0248 

PLCE1 -0,81 0,0446 
 

FLNA -0,51 0,0170 
 

PTPN11 -0,32 0,0357 

FGF5 -0,79 0,0045 
 

HSPA1A -0,50 0,0496 
 

GNAS -0,31 0,0146 

FN1 -0,77 0,0258 
 

CCND1 -0,50 0,0163 
 

KAT2B -0,31 0,0186 

DUSP5 -0,76 0,0077 
 

RAC3 -0,50 0,0482 
 

ETS2 -0,30 0,0311 

WNT7A -0,73 0,0276 
 

WNT5A -0,48 0,0310 
 

GSK3B -0,29 0,0245 

SHC4 -0,71 0,0251 
 

FLNC -0,48 0,0126 
 

RPS6KA5 -0,28 0,0083 

BNIP3 -0,69 0,0316 
 

LAMA5 -0,47 0,0302 
 

PIM1 -0,28 0,0227 

MET -0,67 0,0260 
 

SFN -0,47 0,0019 
 

JAK1 -0,26 0,0336 

HMGA1 -0,67 0,0353 
 

RAF1 -0,45 0,0444 
 

KDM5C -0,26 0,0214 

DUSP10 -0,65 0,0062 
 

KDM6A -0,45 0,0431 
 

GRB2 -0,22 0,0178 

SOCS2 -0,64 0,0321 
 

NTHL1 -0,42 0,0450 
 

SMAD3 -0,22 0,0386 

PPARG -0,62 0,0350   DUSP6 -0,41 0,0248         

Upregulated genes 

Gene 
Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

 
Gene 

Log fold  

change 
P-value 

CCND2 5,13 0,0133 
 

SFRP1 1,24 0,0450 
 

MLF1 0,62 0,0129 

IL12A 3,84 0,0390 
 

FGFR1 1,22 0,0410 
 

RRAS2 0,61 0,0144 

CREB3L3 3,63 0,0462 
 

AKT3 1,15 0,0150 
 

FGF2 0,61 0,0482 

PLA2G3 3,56 0,0480 
 

ITGB4 1,15 0,0354 
 

CACNB3 0,60 0,0270 

ETV7 3,47 0,0326 
 

FLT3 1,13 0,0361 
 

CDKN1A 0,60 0,0076 

GADD45G 3,24 0,0095 
 

PBX3 1,08 0,0377 
 

ERBB2 0,60 0,0447 

PTCH1 3,16 0,0429 
 

MLLT4 1,00 0,0150 
 

BRAF 0,59 0,0405 

FGF17 3,09 0,0342 
 

MAP3K14 1,00 0,0258 
 

HSPB1 0,59 0,0340 

LEP 3,03 0,0499 
 

SMO 0,96 0,0230 
 

CDC25C 0,55 0,0018 

RPA3 2,90 0,0082 
 

PLA2G4C 0,95 0,0026 
 

CHEK2 0,54 0,0271 

MAPK8IP1 2,43 0,0339 
 

CCNE1 0,93 0,0047 
 

CASP8 0,53 0,0090 

STAT3 2,15 0,0113 
 

KRAS 0,91 0,0224 
 

CREB3L4 0,51 0,0400 

WNT5B 2,07 0,0410 
 

TNFSF10 0,88 0,0023 
 

ATR 0,48 0,0013 

GAS1 1,88 0,0115 
 

SPRY4 0,87 0,0157 
 

CDK6 0,47 0,0286 

BMP7 1,73 0,0094 
 

BAIAP3 0,86 0,0266 
 

SHC1 0,47 0,0181 

TNF 1,68 0,0013 
 

PRKAR2B 0,82 0,0374 
 

EFNA1 0,44 0,0014 

ZIC2 1,68 0,0017 
 

BID 0,82 0,0255 
 

LIF 0,43 0,0337 

CD40 1,61 0,0033 
 

TNFAIP3 0,82 0,0296 
 

LIG4 0,42 0,0343 

TCF7L1 1,60 0,0155 
 

SOX9 0,79 0,0224 
 

C19orf40 0,36 0,0476 

IL8 1,59 0,0113 
 

EGFR 0,77 0,0263 
 

B2M 0,33 0,0087 

NGFR 1,56 0,0491 
 

RAD50 0,77 0,0164 
 

AMER1 0,28 0,0470 

TP53 1,56 0,0083 
 

FAS 0,76 0,0414 
 

RPS27A 0,28 0,0344 

FANCF 1,27 0,0096 
 

COL5A2 0,71 0,0337 
 

DAXX 0,26 0,0089 

PTEN 1,25 0,0329 
 

POLR2J 0,69 0,0350 
 

NFE2L2 0,21 0,0263 

CEBPA 1,25 0,0261   CASP7 0,68 0,0004         
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