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1. Introduction 

Prolactin (PRL) is a protein hormone, as well as a cytokine, which is synthesized and 
secreted from specialized cells of the anterior pituitary gland, named lactotrophs. More than 
300 functions exerted by PRL in vertebrates have been recognized; and they reflect the 
ubiquitous distribution of its receptors, as well as the fact that PRL is synthesized in many 
extrapituitary tissues. Among these sites of PRL synthesis are cells of the immune system, 
such as macrophages, natural killer cells, and T- and B-lymphocytes. Regulation of PRL 
synthesis is organ specific, which confers additional complexity to the spectrum of PRL 
actions. In the physiology of the immune system, PRL acts by stimulating the secretion of 
other cytokines and the expression of cytokine receptors, and also as a growth and survival 
factor. In pathological conditions, increased levels of PRL could cause deterioration of the 
subject’s condition. In this review, we integrate the information on regulation of PRL 
synthesis with that concerning its physiological and pathological actions in extrapituitary 
tissues, highlighting those in the immune system. 

2. Regulation of prolactin expression and secretion in the pituitary and at 

extrapituitary sites 

PRL was originally identified as a neuroendocrine hormone of pituitary origin; however, its 
synthesis is not limited to the hypophysis since numerous extrapituitary tissues also express 
this protein, including the placenta, ovary, testis, mammary gland, skin, adipose tissue, 
endothelial cells, and immune cells [1]. This wide-spread PRL expression might explain its 
involvement in very different processes such as reproduction, metabolism, immunology, 
and behavior. 

PRL expression and secretion are regulated by different stimuli provided by the 
environment and the internal milieu. Although pituitary PRL secretion is under a tonic and 
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predominantly inhibitory control exerted by dopamine of hypothalamic origin, other factors 
within the brain, pituitary gland, and peripheral organs have been shown to inhibit or 
stimulate PRL secretion as well [2-5]. Therefore, pituitary PRL expression depends on the 
balance between inhibitory and stimulatory molecules such as hormones, cytokines, and 
other factors that orchestrate the cascade of intracellular events involving numerous 
signaling pathways. Prominent among these signaling cascades are the cAMP/protein 
kinase A (PKA), the phosphatidylinositol/Ca++/protein kinase C (PKC), and the mitogen-
activated protein kinase (MAPK) pathways. In addition, the PRL gene seems to follow a 
pulsatile transcription dynamic with refractive phases in the transcription cycles [4]. In the 
pituitary, a direct relation between transcribed mRNA and released protein cannot be easily 
established, since different, post-transcriptional processes may alter the final protein 
production; these include mRNA degradation, protein storage, and regulation of secretion. 
Pituitary PRL secretion depends on the action of secretagogues which act on the cell 
membrane of lactotrophs, rapidly releasing stored PRL by means of calcium-dependent 
exocytosis. In contrast, extrapituitary cells seem to have little storage capacity and 
consequently, PRL is released after synthesis [2, 5]. Therefore, extrapituitary PRL is basically  

 
Figure 1. Schematic representation of the human PRL gene. A) The alternative and proximal promoters, 
as well as the coding region are depicted. Exons are represented by black boxes with corresponding 
exon numbers (1a, 1b, 2-5). Exon 1a, located 5.8 kb upstream of the proximal start site, drives 
extrapituitary PRL expression. B) Extended diagram of human PRL alternative promoter showing the 
location of predicted transcription factor binding sites. The superdistal promoter is about 3.0 kb in 
length. Consensus sequences for transcription factors are depicted and shown in different colors. The 
figure is not drawn to scale. AP1: activator protein 1; C/EBP: CCAAT/enhancer binding protein; Pit-1: 
pituitary-specific transcription factor 1; CRE: cyclic-AMP response element; HoxA-11: homeobox A11; 
FOXO1A: forkhead box protein O1A; HNF-1: hepatocyte nuclear factor 1; ETS: E-twenty six; ERE: 
estrogen response element. Enhancer regions are represented in green. 
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regulated at the level of transcription. The regulation of PRL gene expression is quite 
complex, due to the presence of several enhancer and silencer domains as well as the 
formation of chromatin loops with consequences for transcription dynamics. Two 
independent promoters with differential responses to regulatory mediators direct PRL 
transcription in a cell-type specific manner [4]. 

The human PRL locus consists of a single gene containing 5 coding exons transcribed 
directly from a pituitary-specific promoter (proximal promoter) and a non-coding exon (1a) 
transcribed from an alternative promoter (also known as the decidual or superdistal 
promoter) with a transcriptional start site located 5.8 kb upstream of exon 1b (Figure 1). This 
alternative promoter drives expression in extrapituitary tissues [4, 5] and seems to have 
evolved from a long terminal repeat transposable element, previously described as primate 
specific [6]. The differential promoter usage produces different sized gene products, which 
may vary in a cell-specific manner depending on the functional elements used within the 
particular promoter. In general, extrapituitary PRL mRNA is 150 bp longer than pituitary 
PRL mRNA; however, mRNA identical to that in the pituitary gland has been found in 
normal and tumoral breast tissues, breast cell lines, and prostate [7, 8]. Therefore, the 
dichotomy of promoter usage in pituitary versus extrapituitary sites is not absolute [9]. 

As a consequence of the distal transcription start site, the alternative promoter does not 
respond to the same regulators of gene expression that operate with the proximal promoter, 
such as the pituitary transcriptional factor-1 (Pit-1), which is paramount for the activation of 
pituitary PRL transcription. An exception to this generalization is the hormonal form of 
vitamin D, calcitriol, which stimulates PRL expression in pituitary cells as well as in decidua 
and resting lymphocytes. Other cell-specific cases will be further discussed below. 

2.1. Regulation of PRL in the immune system 

In the immune system, PRL is thought to act as a locally produced cytokine with relevance 
for immune regulation and modulation of T- and B-cell function. Nevertheless, the 
molecular mechanisms regulating PRL expression in the immune system and the factors 
implicated are still not fully understood. Within the immune system, PRL is produced by T- 
and B-lymphocytes, macrophages, thymocytes, mononuclear and natural killer cells. 
However, in peripheral blood-mononuclear cells (PBMC), PRL production is mainly 
associated with the T-lymphocyte fraction [2, 10]. Because it uses the alternative promoter, 
lymphocyte PRL expression is independent of Pit-1, progesterone, estrogen, thyrotropin-
releasing hormone (TRH), dihydrotestosterone, and insulin, among other classical 
modulators of PRL in the hypophysis. In contrast, PRL expression in T-lymphocytes is 
stimulated by cAMP, retinoic acid, and calcitriol, while it is inhibited by dexamethasone and 
some interleukins [10-15].  

2.1.1. cAMP and modulators of the cAMP/CREB pathway 

Consistent evidence, including studies in different leukemic cell lines as well as PBMC from 
normal patients, has shown that PRL gene expression is significantly stimulated by cAMP, 
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its analogues and first messengers that signal through the cAMP/PKA pathway [12, 13, 16]. 
The second messenger cAMP induces PRL gene expression by activating PKA, which 
migrates to the nucleus and phosphorylates target proteins such as the cAMP response 
element binding protein (CREB). However, in the eosinophilic leukemia cell line EoL-1, it 
seems that cAMP induces PRL expression by two different signaling cascades: the classic 
PKA-dependent pathway leading to the phosphorylation of CREB, and a PKA-independent 
pathway leading to the phosphorylation of p38 [12]. Known first messengers that activate 
the cAMP/PKA pathway are prostaglandin-E2 and terbutaline, a 2-adrenergic agonist that 
enhances PRL expression in PBMC and some leukemic cell lines either alone or in 
combination with PMA or ionomycin [17]. These observations are most likely explained by 
the cAMP response element (CRE) located -25 bp upstream of the PRL alternative promoter 
(Figure 1). Furthermore, this CRE encourage additional studies of the regulation of PRL by 
other physiological modulators of the immune system that operate through cAMP as a 
second messenger. This would be especially relevant in pathological conditions associated 
with increased PRL levels such as autoimmune diseases and cancer, where alterations in 
extrapituitary PRL promoter regulation might play a role in the pathophysiology of these 
disorders. 

2.1.2. Dopamine and cell-activating factors 

Quite interestingly, the nervous and the immune systems use a common chemical language 
for intra- and inter-system communication. Indeed, both systems produce a common set of 
neurotransmitters and cytokines that act on a shared repertoire of receptors [18]. Regarding 
dopamine, which is the primary neuroendocrine inhibitor of PRL secretion in the anterior 
pituitary gland, some evidence supports the involvement of this neurotransmitter in the 
regulation of lymphocyte PRL production and release [3]. Indeed, differential expression of 
all dopamine receptor subtypes has been detected by flow cytometry in human immune 
cells [19]. Specifically in lymphocytes, pharmacological studies indicate expression of the 
dopamine receptors D2, D3, D4, and D5 [3, 20, 21]. In the secondary lymphoid tissues, D3 is 
the predominant dopamine receptor and it is highly and selectively expressed in naive 
CD8+T cells of both humans and mice [22]. The differential expression of dopamine receptor 
subtypes in the lymphocyte subsets as well as the alterations in dopamine-mediated effects 
under conditions of stress [23]; need to be taken into consideration when studying 
regulatory mechanisms involved in cell activation/suppression processes. Indeed, since D1 
and D5 couple with Gs proteins increasing cAMP, while D2, D3, and D4 couple with Gi 
proteins, inhibiting the production of cAMP, a different cell response is to be expected 
depending on the receptor subtype that is expressed, as seen in activated T cells [24].  

In addition, some immune cells such as lymphocytes produce endogenous dopamine, which 
may induce autocrine/paracrine actions. The effects of dopamine in the immune system are 
highly dependent on the context and dopamine concentration [25]; moreover, its effects on 
immune cells also depend on their activation state, which, at the same time, is modulated by 
dopamine itself [25, 26]. Indeed, dopamine interacts directly with dopaminergic receptors 
on normal human T-cells, triggering characteristic features of activated lymphocytes [26]. 
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These data are in agreement with unpublished observations from our group which 
indicated that dopamine regulates prolactin expression in PBMC, as well as expression of its 
own receptor [27]. Moreover, our results showed that activation of PBMC with 
phytohemagglutinin (PHA), concanavalin-A (Con-A), or phorbol myristate acetate (PMA) 
significantly reduced PRL mRNA in all cases. Notably, the inhibitory effect of Con-A upon 
PRL mRNA expression persisted in the presence of a cAMP analogue (Figure 2), suggesting 
that cell activation with this lectin disrupts the cAMP/PKA signaling pathway, which is 
involved in PRL upregulation in lymphocytes as previously mentioned. In accordance with 
our results, Gerlo et al showed that PMA and ionomycin inhibited PRL gene expression in 
normal PBMC, but elicited differential effects in several leukemic cell lines [17]. Altogether, 
these observations suggest that under an in vivo scenario, modification of the lymphocytes 
activation status by dopamine might alter their PRL expression, an idea which warrants 
further investigation. In vitro, even if PRL gene expression is decreased by cell activation, the 
final PRL concentration in the culture media might be elevated due to the larger number of 
PRL-producing cells. This agrees with several other studies showing that mitogen 
stimulation is not required for PRL mRNA expression and exerts no appreciable effect on 
the level of PRL transcripts [10]. 

 
Figure 2. Effect of lymphocyte activators on PRL mRNA levels. PBMC from 3 pregnant women were 
incubated for 24 h in the presence of 8-Bromo-cAMP (8Br, 1 mM), concanavalin-A (Con-A, 1 mg/mL), or 
both. PRL mRNA expression was evaluated after normalization against L-32 mRNA by real time PCR. a 
= P < 0.05 vs control (C); b = P < 0.05 vs 8Br. An arbitrary value of 1 was given to control data.  

2.1.3. Calcitriol 

Previous findings in human lymphocytes suggested that calcitriol effects were exerted only 
after cell activation, which is necessary for the induction of the 50-kDa classic vitamin D 
receptor (VDR). Nevertheless, recent findings from our group clearly showed VDR-
mediated effects in resting lymphocytes. We also described a constitutive, 75-kDa VDR 
species that might participate in calcitriol-dependent PRL upregulation in these cells. 
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Indeed, as in the case of decidua and the pituitary, calcitriol stimulated both, PRL mRNA 
expression and protein production in resting PBMC through a VDR-mediated mechanism 
[15]. Interestingly, this effect was only seen in quiescent lymphocytes and was not detected 
in Jurkat T-lymphoma cells. Genomic effects of calcitriol upon the alternative PRL promoter 
are likely to occur in lymphocytes, in view of previous results in decidua [28] together with 
the fact that the decidual form of the PRL transcript is expressed in human blood 
lymphocytes [10, 29]. Nevertheless, further studies are required to clarify the specific 
interaction of the VDR with the PRL promoter region in lymphocytes, since it is known that 
the pituitary promoter contains functional sequences that confer VDR responsiveness. 
Indeed, calcitriol stimulated PRL promoter activity in cultured pituitary GH3 cells [30, 31], 
an effect that was further corroborated in vivo [32]. The fact that calcitriol regulates PRL in 
immune cells might be relevant in specific physiological contexts, considering the 
immunomodulatory actions of this secosteroid. Certainly, calcitriol effects in the immune 
system appear to occur at the level of T-helper (Th) cells, where it acts as an 
immunosuppressive factor. Calcitriol inhibits mainly Th1 cytokines [33], as confirmed by its 
abilities to prevent or ameliorate autoimmune diseases and to inhibit allograft rejection 
responses [34, 35]. The upregulation of lymphocyte-derived PRL by calcitriol could help 
explain the condition of hyperprolactinemia reported in some granulomatous disorders 
such as sarcoidosis, a disease associated with increased calcitriol production by 
macrophages, and characterized by abnormal accumulation of inflammatory cells such as T-
lymphocytes [36, 37]. Indeed, calcitriol is synthesized by macrophages, dendritic cells, and 
both T- and B-cells by means of expressing the enzyme CYP27B1, which catalyzes the 
synthesis of the secosteroid from its inactive precursor, calcidiol [38]. Thus, in immune cells, 
PRL secretion might be regulated by locally produced calcitriol providing, at this level, 
paracrine and or autocrine immunomodulatory effects. 

2.1.4. Cytokines 

Structural analyses of PRL and its receptors have revealed their relation to the 
cytokine/hematopoietin family. Standing as a leukocyte-derived cytokine in the immune 
system, PRL is regulated by other cytokines in an autocrine and paracrine manner. In T-
lymphocytes, interleukin (IL)-2, IL-1 and IL-4 reduced PRL mRNA, while IL-10 and 
interferon- had no effect [11]. On the other hand, in myeloid leukemic cells, the PRL 
alternative promoter was activated by the proinflammatory cytokine tumor necrosis factor 
alpha (TNF-). A TNF--responsive region was located between -1842 and -1662 of the 
extrapituitary PRL promoter. Interestingly, the stimulatory effect of TNF- upon PRL was 
blocked by a protein kinase C (PKC) inhibitor [14]. Since TNF- is a master 
proinflammatory cytokine, its involvement in PRL stimulation might have clinical relevance 
in view of several studies indicating that leukocyte-derived PRL is involved in autoimmune 
and hematological disorders [39-41]. Indeed, hyperprolactinemia and increased secretion of 
lymphocyte PRL have been reported in systemic lupus erythematosus (SLE) [42], which is 
an autoimmune disease characterized by abnormal production of autoantibodies and 
proinflammatory cytokines [43]. Moreover, hyperprolactinemia has been associated with 
SLE disease activity [41, 42, 44, 45]. 
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2.2. Regulation of PRL in the placenta and endometrium 

PRL functions in reproduction vary within species. For example, while in rodents the presence 
of PRL is mandatory to achieve a normal estrous cycle, support the corpus luteum for 
progesterone production and maintenance of gestation, in humans the role of PRL is more 
likely relevant during lactation, since it does not support the corpus luteum nor significantly 
participates in the menstrual cycle [5]. The decidua develops from the uterine lining 
throughout the late luteal phase of the menstrual cycle, and during pregnancy the decidua 
constitutes the maternal component of the placenta. Considered a marker of decidualization, 
PRL is one of the most dramatically induced genes in decidualized endometrial cells. The 
placental decidua secretes very large amounts of PRL that accumulates in the amniotic fluid, 
peaking between 16 and 22 weeks of gestation (5000 ng/mL) and falling to 500 ng/mL at 
term [46]. Regarding PRL regulation, activation of the cAMP/PKA pathway is known to 
induce the activity of the alternative PRL promoter in human decidual cells through the 
transcription factors CREB and CCAAT/enhancer-binding protein (C/EBP) [47, 48]. In this 
regard, eight C/EBP binding sites have been described in the decidual PRL promoter (Figure 
1). Decidualization is mainly triggered and supported by progesterone. Accordingly, 
upregulation of PRL gene expression steadily increases due to high progesterone levels during 
pregnancy. Indeed, progesterone potently stimulates decidual PRL production [49, 50], which 
is achieved in part  by cross-talk with the cAMP/PKA signaling pathway [51], and is 
synergized by a number of factors such as prostaglandin E, corticotropin releasing factor, and 
the free -subunit of gonadotropin [52-54]. Furthermore, in human endometrium explants and 
endometrial stromal (ES) cells, progesterone and relaxin induced stromal differentiation 
(decidualization) and PRL secretion [50, 55]. Interestingly, in primary ES cell cultures, cAMP 
activated the alternative PRL promoter in a biphasic manner, with an initial, weak induction 
during the first 12 hours, followed by a more intense induction afterwards. It was concluded 
that the early response depended upon the CRE located at approximately -12 bp upstream of 
the PRL alternative promoter, whereas the major activation depended upon a region between 
positions -332 and -270 bp, which kinetics differed from classic CRE-mediated responses [55]. 

In addition to the decidualized endometrium of the late luteal phase and of pregnancy, the 
human myometrium, which is the muscle layer of the uterus, is considered to be a 
secondary source of PRL. Nevertheless, the regulation of myometrial PRL differs 
significantly from that of the decidua. Indeed, myometrial PRL expression seems to be 
under inhibitory control in vivo, as concluded from experimental findings showing that 
myometrial PRL release increased with time in culture. Moreover, in myometrial explant 
cultures, medroxyprogesterone acetate inhibited PRL production [2, 56]. This observation, 
together with the fact that PRL circulating levels are unchanged throughout the human 
menstrual cycle, suggests that further studies are needed to completely clarify the 
mechanistic details of PRL regulation by progesterone in the human myometrium.  

Besides progesterone, other stimulators of decidual PRL synthesis and release are insulin, 
insulin-like growth factor-1, and calcitriol [28, 57, 58]. Since the human decidua is able to 
synthesize calcitriol and express the VDR, PRL regulation by this secosteroid is more likely 
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autocrine in nature. However, considering that inflammatory cytokines such as TNF-, IL-
1, IL-1, IL-2, IL-8, and transforming growth factor- (TGF-1) inhibit decidual PRL 
expression [59, 60], and that calcitriol is a potent inhibitor of placental inflammatory 
cytokine production [61, 62], calcitriol might also be acting as a paracrine upregulator of 
decidual PRL. In addition, IL-4 decreased both the level of PRL mRNA and its release from 
myometrial tissue, whereas IL-6 exerted no effect [63]. Recently, the transcriptional 
regulators HoxA-10, HoxA-11, and FOXO1A, which are essential for decidualization, have 
been shown to interact physically and functionally to upregulate the expression of a gene 
battery in differentiating endometrium. In particular, this core set of transcription factors 
cooperatively upregulate PRL in differentiating ES cells by binding to an enhancer region 
located between positions −395 and −148 of the decidual prolactin promoter (Figure 1) [64]. 

2.3. Regulation of PRL in the breast and adipose tissue 

In addition to uptake of PRL from the blood, mammary epithelial cells synthesize PRL 
during pregnancy and lactation. It has been suggested that the production of mammary PRL 
requires a systemic trophic factor, because PRL mRNA declined with time in cultured rat 
mammary gland explants [65]; however, this proposal requires further investigation since 
PRL regulation is thought to differ between species. Interestingly, the number of PRL 
variants in human milk exceeds that found in serum, indicating that the breast may be a 
post-transcriptional processing site [66]. In support of this possibility, incubation of 
mammary slices in the presence of PRL resulted in the formation of fragments of PRL [67]. 
Although there are two Pit-1 consensus sequences located at -2186 and -2800 bp within the 
alternative promoter (Figure 1), the expression of extrapituitary PRL is thought to be 
independent of Pit-1. However, Pit-1 expression in normal and cancerous human breast 
tissue has been reported [68]. Moreover, the experimental over-expression of Pit-I in MCF-7 
cells significantly increased expression of PRL mRNA, while PRL protein expression was 
significantly reduced after Pit-I knockdown, suggesting that in this cell line, PRL 
transcription is driven by the proximal pituitary promoter and is due to Pit-I binding to this 
region [69]. Alternatively, distal upstream Pit-1 consensus sequences could also be 
participating. 

As in the case of the pituitary, studies performed in the human mammary cell line T47D 
showed that estrogen directly induces PRL gene expression [70]. A functional, non-
canonical, estrogen responsive element (ERE) and an AP1 site have been located in the PRL 
distal promoter (Figure 1). Moreover, both estrogen receptors  and  bind directly to this 
ERE, which suggests that estrogens regulating autocrine PRL in the human breast may 
contribute to breast development and cancer progression. 

It is noteworthy that most local PRL production in the breast occurs in adipose rather than 
in glandular tissue [71]. Whereas PRL release from glandular explants was suppressed by 
progesterone, neither estrogen nor progesterone altered PRL expression in adipose explants 
[71]. This dissimilar regulation of PRL in adjacent tissues is not unusual, and was also 
observed in decidua and myometrium. Therefore, the interactions between stromal, 
glandular, and adipose tissue should be taken into consideration for PRL regulation studies 
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in the mammary gland. Even if the main source of PRL in breast adipose tissue seems to 
be the mature adipocyte, both the subcutaneous and visceral adipose depots also produce 
PRL [72]. As in other locations, the regulation of PRL release from primary human breast 
preadipocytes is stimulated by activators of the cAMP/PKA pathway. Indeed, recent 
studies have shown that, similar to its action in the pituitary, dopamine suppresses PRL 
gene expression and release in adipocytes through inhibition of cAMP, followed by the 
suppression of PKA activity [73]. Moreover, in primary human breast preadipocytes, 
isoproterenol, a -adrenergic receptor agonist, and the pituitary adenylate cyclase 
activating peptide, increased PRL mRNA expression and release. This effect was 
suppressed by several protein kinase inhibitors, suggesting involvement of multiple 
signaling cascades [74].  

Another interesting issue to be addressed is whether regulators of metabolic and endocrine 
activities of adipocytes such as insulin and cytokines affect PRL secretion in these cells. This 
question is particularly relevant in conditions such as obesity and inflammation. Contrary to 
results obtained in cultured rat mammary gland explants [65], PRL release from human 
adipose explants and mature adipocytes increased with time, indicating removal from 
inhibition [72]. Interestingly, insulin suppressed PRL expression and release from 
differentiated adipocytes but moderately stimulated PRL release from non-differentiated 
cells. Nevertheless, considering that preadipocytes represent only a small fraction of the 
total cell population within adipose tissue, the overall effect of insulin on PRL is likely 
inhibitory [72]. 

3. Prolactin in the physiology of the immune system 

PRL is a highly versatile hormone/cytokine that displays a wide spectrum of effects in a 
variety of tissues. In fact, more than 300 actions by PRL have been described in vertebrates. 
In pancreatic beta cells, pancreas, liver, and T-lymphocytes, PRL can regulate proliferation 
[75, 76] while in prostate, pancreatic beta cells, lymphocytes, ovarian carcinoma cells, breast 
cancer cells, and others, PRL acts as an antiapoptotic factor. [77-81]. These effects are 
mediated by its receptors, which are members of the class I hematopoietin/cytokine receptor 
family [76]. In the immune system, PRL receptors expression have been detected in several 
cells such as splenocytes, thymocytes, bone marrow cells, PBMC, lymphocytes, and 
monocytes [76]. Both PRL and the PRL receptor are constitutively expressed by resting T-
cells [29], which indicates that PRL may influence the immune system even during steady-
state conditions.  

PRL has a wide range of effects on the regulation of the immune system. Administration of 
PRL to hypophysectomised rats provokes weight gain of two lymphoid tissues, spleen and 
thymus [82]. In lymphocytes, PRL reverses anemia, leukopenia, and thrombocytopenia 
induced by hypophysectomy [83], and it increases antibody production [84]. PRL has also 
been reported to increase receptor levels for interleukin (IL)-2 and PRL [76]. Using PRL 
receptor knockdown, autocrine PRL actions could be elucidated. In T- lymphocytes in which 
the PRL receptor was silenced, proliferation induced by phytohemagglutinin (PHA) was 
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significantly reduced. Moreover, the expression of certain co-stimulatory molecules (CD137, 
CD154) and the secretion of cytokines (IL-2 and IL-4) induced by PHA activation were 
suppressed in these cells [85]. Although PRL has been observed to act in a cooperative 
fashion with IL-2 to influence proliferation in the immune system, there is evidence 
indicating that PRL can act as a T-cell growth factor, independently of IL-2 [86-88]. In 
addition to stimulating proliferation, PRL has been shown to inhibit apoptosis of 
lymphocytes [79, 89, 90]. In BALB/c mice expressing a transgene for the heavy chain of a 
pathogenic anti-DNA antibody, inducing moderate hyperprolactinemia (a 2-fold increase in 
the serum PRL concentration) increases the number of autoreactive B-cells with the follicular 
phenotype and leads to their activation, with subsequent anti-DNA antibody production as 
well as IgG deposition in the kidneys [91]. The induction of hyperprolactinemia promotes 
autoreactivity inasmuch as it breaks B-cell tolerance, acting on the mechanisms of B-cell 
tolerance induction at three levels: B cells receptor-mediated deletion, receptor editing, and 
anergy [91]. 

Despite evidence of an immunomodulatory role of PRL, it has been shown that the 
development of the immune system was unaffected in both PRL and PRL-receptor knockout 
mice [92]. The effects due to the lack of PRL action were probably compensated by 
redundancy of the cytokine network. Data support the immunomodulatory role of PRL in 
normal murine and human cells and in in vivo models after procedures such as 
hypophysectomy and ovariectomy. More studies are needed to determine the involvement 
of PRL in physiological and/or pathological conditions, and to explore its therapeutic 
potential in diseases of the immune system. 

4. Prolactin in the pathology of the immune system. 

4.1. Prolactin and autoimmunity 

The interrelationship between PRL and the immune system has been elucidated over the 
last 2 decades, opening important new horizons in the field of immunoendocrinology [93]. 
The autoimmune diseases are more common in females, and sex hormones could have an 
important role in this gender bias. Estrogens and PRL modify the immune phenotype and 
functions; furthermore, they are able to modulate both the innate and adaptive 
immunological response. PRL exerts an immunostimulatory effect and might promote the 
development of autoimmune diseases by different mechanisms, such as impairing the 
negative selection of auto reactive B-lymphocytes occurring during B-cell maturation into 
fully functional B-cells [94]. Moreover, PRL induces an anti-apoptotic effect, enhances the 
proliferative response to antigens and mitogens, and increases the production of 
immunoglobulin, cytokines, and autoantibodies. In murine models of some autoimmune 
diseases there is a clear association between hyperprolactinemia and disease progression. 
Indeed, moderate hyperprolactinemia has been found in a cohort of patients with 
autoimmune diseases like SLE, rheumatoid arthritis (RA), Sjogren´s syndrome (SS), 
Hashimoto´s thyroiditis (HT), and multiple sclerosis (MS) [95-98]. These data are 
controversial, since some studies have not found a consistent correlation between PRL levels 
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and disease activity in humans [99]. These discrepancies could be explained by genetic, 
environmental, and hormonal factors related to susceptibility; these factors might influence 
the progression of autoimmune disorders, might alter PRL circadian rhythm thereby 
contributing to disease by modifying the immune response [100], and could even change 
PRL isoforms and anti-PRL antibodies that reduce the biological activity of PRL [101]. The 
PRL molecule undergoes posttranslational modifications generating several molecular 
species. In contrast to high molecular weight PRL species (>100 kDa), monomeric PRL (23 
kDa) is associated with SLE clinical activity [102]. An association of PRL levels with anti-
dsDNA antibodies and with anti-Ro and anti-La antibodies has been reported [94]. 

The physiology of the immune system involves a balance between the two arms of the 
cellular immune response. T-helper cells type 1 (Th1) and type 2 (Th2) elicit cell- and 
humoral-mediated responses, respectively. PRL is involved in regulating both Th1 and Th2 
responses, particularly the former. Altered PRL levels associated with either Th1 or Th2 
dominance often characterize autoimmune diseases [103]. Evidence observed in animal 
models and human disorders suggest that Th1 cytokines (IFN-, IL-2 and TNF-) are 
involved in the genesis of organ-specific autoimmune diseases, such as RA, MS, insulin-
dependent diabetes mellitus (IDDM), and thyroid autoimmunity. In contrast, Th2 responses 
tend to dominate in circumstances such as SLE, and in systemic and allergic conditions, 
such as HT (Figure 3) [103]. 

 
Figure 3. The role of PRL in autoimmune diseases. PRL induces monocytes maturation to dendritic 
cells (DC) through increasing major histocompatibility complex and co-stimulatory molecules. 
Furthermore, PRL induces T-cell activation and production of pro-inflammatory cytokines. Imbalances 
between Th1 and Th2 result in different autoimmune diseases. BC, B-cells; SLE, systemic lupus 
erythematosus; RA, rheumatoid arthritis; MS, multiple sclerosis; DM, diabetes mellitus; HT, 
Hashimoto’s thyroiditis. 
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4.1.1. Systemic lupus erythematosus 

SLE is an autoimmune disease nine times more common in young women of reproductive 
age than in men. The expected rate of hyperprolactinemia is 0.4% in healthy adults [104, 
105], whereas mild to moderate hyperprolactinemia occurs in 15-33% of SLE patients of both 
genders [102, 106]. Furthermore, elevated lymphocyte PRL gene expression has been 
identified in a cohort of female SLE subjects [42, 44]. In the majority of SLE - 
hyperprolactinemia patients the cause of the enhanced PRL levels is unknown, which 
suggests impaired regulation of PRL synthesis in SLE. In this regard, observations from our 
group showed an increased central dopaminergic tone in SLE and normoprolactinemic 
female patients, but with enhanced levels of PRL from lymphocytes; this finding suggests 
that lymphocyte-derived PRL might contribute to altering the functional activity of the 
hypothalamic dopaminergic system in order to maintain serum PRL within a physiological 
range in SLE [42]. In this study, after metoclopramide administration, mRNA expression 
and secretion of lymphocyte-derived PRL increased only in PBMC from control women and 
not in those from SLE patients. These observations indicate that dopamine could have a 
direct effect on PRL synthesis in normal lymphocytes that is absent in SLE lymphocytes. 

Murine SLE encompasses several strains of inbred mice and hybrids (NZB, NZB x NZW F1, 
MRL lpr/lpr, BXSB) that variably manifest autoimmune disturbances such as accelerated 
hypergammaglobulinemia, immune complex glomerulonephritis and mortality, increased 
anti-DNA antibody levels and immune complex formation, as well as suppression of 
lymphoproliferation, symptoms that closely resemble those of human SLE [107]. In this 
model, induced hyperprolactinemia exacerbates disease activity, which leads to premature 
death regardless of the gender. Interestingly, in non-lupus prone BALB/c mice, treatment 
with high or physiological doses of PRL favours the development of an SLE-like phenotype, 
because this hormone breaks down the B-cell tolerance [91]. In addition, administration of 
bromocriptine, a dopamine receptor agonist that blocks prolactin secretion by the anterior 
pituitary ameliorates disease progression in murine SLE models [108, 109], indicating a 
potential role of PRL in the pathogenesis of SLE. Furthermore, clinical trials treating SLE 
with bromocriptine, have suggested a beneficial effect in patients with mild and moderate 
disease activity. Bromocriptine suppresses the levels of immunoglobulins, autoantibodies, 
and immune complexes in lupus glomerulonephritis, both in animal models and SLE 
patients [103, 107]. This drug is also associated with lower cytokine secretion and 
proliferation of T- cells. Furthermore, a clinical trial using bromocriptine in pregnant SLE 
patients suggests that it may help prevent maternal-fetal complications secondary to this 
disease [110, 111]. 

4.1.2. Rheumatoid arthritis 

Clinical observations in humans and experimental data in animal models have also 
implicated PRL in other autoimmune diseases such as RA. This common autoimmune 
condition is an inflammatory disease that presents a diurnal rhythm of disease activity. An 
imbalance in favor of proinflamatory hormones like PRL, as opposed to levels of anti-
inflammatory hormones, could be responsible for this diurnal rhythm of disease [112]. In 
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both genders, however, associations between RA and PRL have been inconsistent [98, 100, 
113-118]. A recent study shows an increase of PRL in serum and synovial fluid from subjects 
affected with RA perhaps indicating that this cytokine acts as a proinflammatory factor to 
increase disease severity and joint damage in RA [119]. However, further studies are still 
needed in this area. 

4.1.3. Multiple Sclerosis 

Patients with MS, a Th1-dominated autoimmune disease, have slightly, but significantly 
higher PRL levels than normal subjects, and an association between this biomarker and the 
course of the disease course should be considered [120]. One-third of MS subjects exhibit 
hyperprolactinemia, which is claimed to be a sensitive indicator for hypothalamic lesions 
[97]. In experimental animal models of MS, treatment with bromocriptine decreases both 
PRL secretion and disease severity [121]. These data support the idea that PRL is involved in 
the pathogenesis of MS. 

4.1.4. Hashimoto thyroiditis 

In HT, an endocrine autoimmune disease, hyperprolactinemia and low serum cortisol levels 
have been found [122]. In addition, the high prevalence of anti-thyroid antibodies in the 
presence of hyperprolactinemia in HT suggests a role for PRL in this autoimmune disease, 
particularly since hyperprolactinemia correlates with HT only in subjects with 
hypothyroidism, suggesting a role of PRL in this autoimmune disease. Furthermore, another 
association between PRL and endocrine autoimmune diseases has been noted in subjects 
with a combined deficiency of pituitary hormones (GH; PRL; TSH) due to antibodies against 
Pit-1 [123].  

4.1.5. Prolactin and diabetes 

Diabetes mellitus (DM) is a complex disease characterized by hyperglycemia, dyslipidemia 
and disorders of protein metabolism. High levels of glucose in serum are a consequence of 
defects in insulin secretion, insulin action, or both. Indeed, DM is classified as type 1 (DM1) 
with an autoimmune etiology that causes a total absence of insulin secretion, or as type 2 
(DM2) caused by a combination of resistance to insulin action and an inadequate 
compensatory insulin secretion response [124, 125].  

Studies in human and murine experimental models have demonstrated a stimulatory effect 
of PRL and other structurally related hormones (placental lactogen and growth hormone) on 
both insulin secretion and proliferation of -cells [126, 127]. Furthermore, studies in PRL 
receptor-deficient mice highlight the importance of these hormones in pancreatic islet 
development. PRLR-deficient mice had a 26-42% lower islet-cell density (P < 0.01), and beta-
cell mass and insulin mRNA levels in pancreatic cells were 20-30% lower compared with 
wild-type mice [75]. Furthermore, insulin secretion in response to glucose was blunted in 
PRLR-deficient males in vivo. The precise mechanism by which PRL induces insulin gene 
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transcription is still unclear since PRL binding induces low promoter activation of STAT5b, 
indicating that other pathways might be involved. The effects of many of the insulin 
signaling inhibitors occur downstream of PRL signaling pathways; however, the mechanism 
by which PRL impairs insulin signaling remains to be elucidated [128].  

The effects of PRL have been studied in subjects with DM. For example, hyperprolactinemia 
has been identified in patients with DM1; however, the precise role of PRL in the 
progression of this disease is unclear. In contrast, PRL is one factor that can modify the 
clinical course of diabetic retinopathy (DR), one of the main complications of DM2 and a 
leading cause of blindness in working-age adults. The DR is associated with an excessive 
retinal vasopermeability and this could be inhibited by intraocular vasoinhibins, a family of 
peptides derived from proteolysis of PRL. Indeed, in a case-controlled study of diabetic 
patients, decreased serum PRL levels contributed to the development and progression of DR 
[129]. Furthermore, in a pharmacologically induced murine model of DM, 
hyperprolactinemia led to vasoinhibins accumulation within the retina, which reduced 
retinal vasopermeability induced by the vascular endothelial growth factor (VEGF) or 
streptozotocin, and this phenomenon is reversed by bromocriptine [130]. Therefore, 
circulating PRL influences the progression of DR after its intraocular conversion to 
vasoinhibins [130]. This important observation may provide a novel approach to protect DM 
subjects against the development of DR [131] , which was recently demonstrated in a murine 
model using gene therapy [132]. In summary, in vitro experiments and in vivo studies 
revealed that vasoinhibins are potent inhibitors of angiogenesis in the retina by several 
mechanisms, inhibiting proangiogenic effects of VEGF. 

5. Effects of prolactin, circadian rhythms, and sleep on immune function 

5.1. Background 

Circadian rhythms are defined as ~24-h fluctuations in a variety of behavioral, physiological, 
and metabolic parameters driven by biological pacemakers and oscillators. The rhythmic 
changes are endogenous, meaning they are independent of environmental clues. At the 
same time, circadian rhythms are entrained by external inputs that are classified as photic 
(light–darkness alternation) and non-photic (food availability, pheromones, social 
interactions). Although they have been described across the entire phylogenetic scale (from 
prokaryotes to vertebrates), the various mechanisms that underlie circadian rhythms are 
better understood in mammals. In this group the principal pacemaker is the suprachiasmatic 
nucleus (SCN), which is a hypothalamic structure situated above the optic chiasm and close 
to the third ventricle. The SCN is synchronized by means of the conduction of photic stimuli 
from the melanopsin-enriched ganglionar retinal cells directly to the dorsal section of the 
SCN. Experiments done in vitro with isolated SCN preparations have demonstrated that this 
oscillator can show 24-h rhythmicity in electrical and metabolic activity for several weeks. 
The capacity for self-sustained oscillatory activity is based on the cyclic expression of a set of 
specialized genes and proteins that form the core of the molecular clock. The set of “clock” 
gene proteins interact in a network of positive and negative feedback loops, ultimately 
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giving the SCN the ability to measure ~24-h time periods. The circadian rhythmicity elicited 
by the SCN is eventually communicated to other tissues and organs through several output 
pathways that enable the circadian variations in endocrine patterns, physiological 
responses, metabolic activities, and behavior [133]. 

The circadian system is hierarchical; it is formed by the SCN as principal pacemaker, but 
also includes a set of peripheral oscillators which are dependent on SCN activity to 
accomplish a coordinated and harmonized overall day-to-day response. These peripheral 
oscillators are present, not only in thoracic and abdominal organs (heart, lungs, liver, 
pancreas, and others), but also in cerebral regions different from the SCN (amigdala, 
hippocampus, other hypothalamic nuclei, etc). Many of these peripheral oscillators are 
endocrine glands and biological targets for the secreted hormones. The coordination 
between SCN and peripheral oscillators is lost in some circumstances, such as restricted 
feeding schedules [134]. It has been proposed that a state of good fitness involves the 
appropriate coordination between the SCN (as a master pacemaker) and the other oscillators 
(slave clocks). Hence, a lack of communication among oscillators could promote adverse 
symptoms such as jet-lag and maladies associated with shift work [135].  

Many biological functions are under the command of the circadian system. In the end, the 
evolutive explanation considers the 24-h rhythmic fluctuations as adaptations that allow 
biological tasks to be performed at a most appropriate time for the organisms, according to 
their diurnal or nocturnal profile. Some examples illustrating this concept are: 1) cortisol in 
humans is secreted a short time before awakening as a response to the fasting condition and 
in preparation for wakefulness; 2) growth hormone is released during the non-REM stage of 
sleep; 3) for predators, the search for food occurs when prey are most likely available and is 
coordinated with the time for rest and sleep. 

Sleep is a complex process that is modulated by both circadian and homeostatic regulation. 
This dual control is evident in situations of sleep deprivation. In this circumstance, the 
animal will compensate for the lack of sleep regardless of the time of day, and the subject 
will fall sleep as a function of the amount of previous time awake. Not very much is known 
about the brain structures and neurotransmitters involved in the coordination and interplay 
between the circadian and homeostatic control of the sleep activity. The functions that have 
been attributed to sleep are diverse, but some of the principal ones are: energy restoration, 
memory processing, and neural plasticity [136]. 

In mammals and some birds, sleep is divided into 2 principal phases: sleep without rapid 
eye movement (NREM) and sleep with rapid eye movement (REM). These 2 stages are 
characterized mainly by polysomnographic criteria: for example, NREM sleep shows brain 
waves of high amplitude and low frequency and a clear muscular tone. In contrast, during 
REM sleep the brain waves become desynchronized, have low voltage, and the muscular 
tone is lost. Interestingly, the muscles that allow the ocular movements are the only ones 
that can become active. In humans, 75-80% of sleep time is dedicated to NREM and the rest 
to REM sleep, with the episodes of REM sleep becoming more frequent at the end of the 
night [137]. Because some characteristics of REM sleep and the wakeful state are similar, 
REM has been called paradoxical sleep.  
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Multiple factors have been invoked as having some role in the control of circadian 
rhythmicity, including the physiological adaptations in the sleeping activity. This section 
will be focused on the role of PRL in modulating both processes, acting as an endocrine 
signal and as an immunological mediator. 

5.2. Circadian profile of prolactin in physiological and pathological conditions 

PRL displays ultradian and circadian variations in humans [138]. On average, PRL is 
significantly higher at night, with a clear acrophase or peak close to midnight. However, 
between 6 and 8 peaks of PRL are also observed during the 24-h period, indicating a 
concurrent ultradian pattern [139]. The amplitude of the PRL diurnal rhythm is reduced 
during aging [140]. Hypothalamic PRL secretion is highly dependent on the suppression of 
the inhibitory input of dopamine. In rats, it has been shown that dopamine control of PRL 
release is modulated by circadian action from the SCN. In experimental animals, circulating 
PRL was reported to show complex rhythmicity under the regulation of several 
hypothalamic factors, including   that is exerted by the vasoactive intestinal peptide (VIP) 
secreted by the SCN [141]. Levels of PRL produced by the lactotrophs of the anterior 
pituitary gland increase in the afternoon, but this PRL peak is abolished when VIP is not 
released from the SCN, indicating a circadian contribution to the temporal PRL profile. PRL 
secretion is also regulated by sexual activity, mainly in female rats. Mating promotes the 
release of oxytocin, which favors PRL synthesis and release. Hence, circadian modulation of 
blood PRL is coordinated with ultradian events and also with sporadic physiological 
responses. Most of the genes that show circadian rhythmicity contain a specific response 
element known as the E-box. However, PRL is an exception, since the circadian fluctuations 
involve daily chromatin remodeling carried out by the factors NONO (Non-POU domain-
containing octamer-binding protein) and SFPQ (splicing factor proline-glutamine rich) [142]. 
PRL has also been implicated in circannual rhythmicity in rams. In this context, the role of 
PRL in reproductive physiology, which fluctuates according to the photoperiodic regulation 
during the year, is dependent mainly on the pineal gland, and it persists after the 
hypothalamo-pituitary connection is severed [143]. 

In patients with Parkinson´s disease, the rhythmic pattern of PRL secretion is not altered 
[139], but schizophrenic patients under treatment with atypical antipsychotic drugs such as 
perospirone show larger daily fluctuations of PRL [144]. However, loss of PRL rhythmicity 
during hyperprolactinemia episodes has been associated with obesity. One of the apparent 
causes of increased adipose tissue reservoirs is inhibition of the lipolytic enzyme lipoprotein 
lipase by PRL [145]. Hyperprolactinemia also affects daily changes of GABA and taurine 
concentrations in various hypothalamic areas, with potential consequences for eating and 
drinking behaviors [146]. Hypersecretion of PRL has been associated with the Carney 
complex (a syndrome of spotty skin pigmentation, myxomas, endocrine overactivity, and 
schwannomas), which is a multiple neoplasia condition with various endocrine 
abnormalities [147]. Elevation of PRL at night has also been associated with the worsening 
of a pathological condition known as SUNCT (recurrent short-lasting unilateral 
neuralgiform headache attacks with conjunctival injection and tearing) [148]. High PRL 
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concentrations are involved in the pathogenesis of SLE in human beings and experimental 
animals by an unknown mechanism [149]. A hypothesis related to the onset of winter 
depression in women has postulated a defect of neural pathways afferent to the 
paraventricular nucleus that promote a reduction of serum PRL concentration. In this 
perspective, winter depression would also under the influence of estrogen responses [150]. 
Reduced PRL at night has also been associated with women suffering from fibromyalgia, a 
medical disorder characterized by chronic, widespread pain, and allodynia (pain due to a 
stimulus which does not normally provoke painful response) [151]. 

5.3. Prolactin and sleep 

PRL concentrations are elevated during sleep, even if sleep is delayed [152], and short 
periods of sleep deprivation in humans are associated with lower nocturnal PRL levels in 
comparison to normal sleep [153]. PRL has been shown to be a hypnogenic factor, acting as 
a promoter of REM sleep: systemic or intracerebroventricular injection of PRL in rats and 
rabbits increased REM episodes, but in rats, only during the light period [154]. Supporting 
this observation, it was reported that antiserum against PRL and genetically PRL-deficient 
rodents showed reduced frequency of REM sleep [155]. It has been suggested that PRL may 
enhance a REM-promoting mechanism rather than initiate REM episodes. A putative 
mechanism by which PRL enhances REM sleep is the activation of the mitochondrial 
enzyme pyruvate dehydrogenase, which catalyzes the synthesis of acetyl-coenzyme A. This 
metabolic intermediate may favor the generation of acetylcholine in cholinergic terminals of 
brain areas that are involved in promoting REM sleep [156]. 

Besides its action in REM episodes, PRL has been postulated to be a modulator of NREM 
sleep in lactating women [157]. The predominant underlying hormonal alteration occurring 
in lactation is a marked increase in circulating PRL. Because the PRL concentration is 
elevated for several months in women that breastfeed, the increase in NREM sleep in this 
situation has been explained as a result of chronic hyperprolactinemia [158]. 

5.4. The circadian system and the sleep–wake cycle as modulators of the immune 

function. Role of prolactin 

The immunological network is influenced by the physiological timing organization, but at 
the same time, the circadian rhythmicity is regulated by factors elicited by the immune 
system. This reciprocal modulation has been documented in physiological and pathological 
conditions in humans, and some related molecular and cellular mechanisms have been 
explored in experimental animals. It has been reported that the number and properties of 
cellular components of the immune system show circadian variations, for example: 1) IgE-
dependent activation by mast cells [159], 2) cell-adhesion molecule expression by human 
leukocytes [160], 3) activation of natural killer cells [161], 4) deterioration of clinical 
symptoms associated with rheumatoid arthritis in the morning following the diurnal 
rhythm of the pro-inflammatory cytokine IL-6 [162].   
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The timing regulation of the immunological function is also influenced by the numerous 
changes that occur during the sleep period. Sleep promotes a striking increase in the 
number of myeloid dendritic cell precursors producing IL-12, which implies an induction of 
the Th1 responses. In addition, sleep reduces plasmacytoid dendritic cells and T-cell counts 
without affecting the production of IFN. Sleep also substantially decreases the number of 
certain subpopulations of monocytes (CD14 and CD16+), probably reflecting margination of 
these cells upon a sleep-related drop in catecholamine release [163]. The number of 
undifferentiated naïve T cells and the production of pro-inflammatory cytokines exhibit 
peaks during the first hours of sleep, whereas the number of circulating immune cells with 
immediate effector functions and the anti-inflammatory cytokine activity peak during 
wakefulness. Sleep also facilitates the extravasation of T-cells and their redistribution to 
lymph nodes. In general, sleep enhances cytokines (such as IL-12) that promote the 
interaction between antigen-presenting cells and T-helper cells [164]. 

It has been postulated that NREM sleep facilitates the transfer of antigenic information from 
antigen-presenting cells to antigen-specific Th cells; as a consequence, sleep after vaccination 
has been observed to boost immunological memory [165]. The daily profile of circulating 
PRL, with elevated levels during the rest periods in mammals, raises the possibility that PRL 
could be one of the factors involved in the enhanced immunological response associated 
with sleep. This role could be related in particular to the stage of NREM sleep and its 
accompanying pro-inflammatory endocrine milieu with the high levels of growth hormone 
and PRL and low concentrations of glucocorticoids and catecholamine that occur during 
sleep [165]. This same idea provides a rationale for the chronobiological treatment of RA. In 
this protocol, a low-dose, chronotherapeutic application of prednisone at night (~03:00 h) 
has been suggested to improve the benefits and reduce the adverse side-effects of 
glucocorticoid treatment in patients with RA. The low dose of prednisone during the night 
is as effective as a higher dose applied during the day. Again, this pharmacological scheme 
could be favorable because of the conjunction between PRL and other immunological 
supportive peptides and the proven clinical drugs [166]. 

6. Conclusion 

The multiple actions of PRL and its diverse sites of synthesis evidence the versatility of this 
hormone/cytokine in the homeostasis of the organism. Besides the well-known actions of 
PRL on reproduction, it exerts multiple actions unrelated to the reproductive area. In the 
immune system PRL functions as a survival factor inasmuch as it promotes proliferation 
and inhibits apoptosis. This important role could help to maintain the appropriate number 
of immune cells in physiological conditions, and to maintain immune tolerance. Abnormal 
synthesis and secretion of PRL could lead to the breakdown of balance in the immune 
system, and consequently, could promote autorreactivity and bursting or aggravation of the 
clinical condition in autoimmune diseases. A deregulation in the mechanisms that control 
PRL synthesis could lead to enhanced PRL secretion. Nowadays, available information is 
limited on the biological significance of posttranslational modifications of the PRL in vivo, 
such as glycosylation or cleavage, which may exert different biological functions related to 
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the immune function. In agreement with current knowledge, PRL at normal levels could be 
a permissive molecule, while at abnormal levels it could affect the organism homeostasis. 
Additional studies of PRL and its regulation, especially in the extrapituitary tissues, are 
needed in order to understand better the role of PRL in the physiology and pathophysiology 
of autoimmune diseases. 

Author details 

Lorenza Díaz, Leticia González, Saúl Lira-Albarrán and Fernando Larrea 
Department of Reproductive Biology, Instituto Nacional de Ciencias Médicas y Nutrición Salvador 

Zubirán. México, D. F. México 

Mauricio Díaz-Muñoz and Isabel Méndez* 
Department of Cellular and Molecular Neurobiology, Instituto de Neurobiología, Universidad 

Nacional Autónoma de México (UNAM), Campus UNAM-Juriquilla, Querétaro, México 

Acknowledgement 

We thank Fernando López-Barrera for his expert technical assistance, and Dr. Dorothy Pless 
for critically editing the manuscript. Supported by UNAM (grant IB200311-22) and 
CONACyT (129511). 

7. References 

[1] Harvey S, Aramburo C, Sanders EJ (2012) Extrapituitary production of anterior 
pituitary hormones: an overview. Endocrine. 41:19-30. 

[2] Ben-Jonathan N, Mershon JL, Allen DL, Steinmetz RW (1996) Extrapituitary prolactin: 
distribution, regulation, functions, and clinical aspects. Endocr Rev. 17:639-669. 

[3] Freeman ME, Kanyicska B, Lerant A, Nagy G (2000) Prolactin: structure, function, and 
regulation of secretion. Physiol Rev. 80:1523-1631. 

[4] Featherstone K, White MR, Davis JRE (2012) The Prolactin Gene: A Paradigm of Tissue 
Specific Gene Regulation with Complex Temporal Transcription Dynamics. J 
Neuroendocrinol. 

[5] Ben-Jonathan N, LaPensee CR, LaPensee EW (2008) What can we learn from rodents 
about prolactin in humans? Endocr Rev. 29:1-41. 

[6] Gerlo S, Davis JR, Mager DL, Kooijman R (2006) Prolactin in man: a tale of two 
promoters. Bioessays. 28:1051-1055. 

[7] Shaw-Bruha CM, Pirrucello SJ, Shull JD (1997) Expression of the prolactin gene in 
normal and neoplastic human breast tissues and human mammary cell lines: promoter 
usage and alternative mRNA splicing. Breast Cancer Res Treat. 44:243-253. 

                                                                 
* Corresponding Author 



 

Prolactin 72 

[8] Dagvadorj A, Collins S, Jomain JB, Abdulghani J, Karras J, Zellweger T, et al. (2007) 
Autocrine prolactin promotes prostate cancer cell growth via Janus kinase-2-signal 
transducer and activator of transcription-5a/b signaling pathway. Endocrinology. 
148:3089-3101. 

[9] Bernichtein S, Touraine P, Goffin V (2010) New concepts in prolactin biology. J 
Endocrinol. 206:1-11. 

[10] Montgomery DW (2001) Prolactin production by immune cells. Lupus. 10:665-675. 
[11] Gerlo S, Verdood P, Hooghe-Peters EL, Kooijman R (2005) Modulation of prolactin 

expression in human T lymphocytes by cytokines. J Neuroimmunol. 162:190-193. 
[12] Gerlo S, Verdood P, Hooghe-Peters EL, Kooijman R (2005) Multiple, PKA-dependent 

and PKA-independent, signals are involved in cAMP-induced PRL expression in the 
eosinophilic cell line Eol-1. Cell Signal. 17:901-909. 

[13] Gerlo S, Verdood P, Hooghe-Peters EL, Kooijman R (2006) Multiple cAMP-induced 
signaling cascades regulate prolactin expression in T cells. Cell Mol Life Sci. 63:92-99. 

[14] Gerlo S, Verdood P, Kooijman R (2006) Tumor necrosis factor-alpha activates the 
extrapituitary PRL promoter in myeloid leukemic cells. J Neuroimmunol. 172:206-210. 

[15] Diaz L, Martinez-Reza I, Garcia-Becerra R, Gonzalez L, Larrea F, Mendez I (2011) 
Calcitriol stimulates prolactin expression in non-activated human peripheral blood 
mononuclear cells: breaking paradigms. Cytokine. 55:188-194. 

[16] Reem GH, Ray DW, Davis JR (1999) The human prolactin gene upstream promoter is 
regulated in lymphoid cells by activators of T-cells and by cAMP. J Mol Endocrinol. 
22:285-292. 

[17] Gerlo S, Vanden Berghe W, Verdood P, Hooghe-Peters EL, Kooijman R (2003) 
Regulation of prolactin expression in leukemic cell lines and peripheral blood 
mononuclear cells. J Neuroimmunol. 135:107-116. 

[18] Blalock JE (2005) The immune system as the sixth sense. J Intern Med. 257:126-138. 
[19] McKenna F, McLaughlin PJ, Lewis BJ, Sibbring GC, Cummerson JA, Bowen-Jones D, et 

al. (2002) Dopamine receptor expression on human T- and B-lymphocytes, monocytes, 
neutrophils, eosinophils and NK cells: a flow cytometric study. J Neuroimmunol. 
132:34-40. 

[20]  Bondy B, de Jonge S, Pander S, Primbs J, Ackenheil M (1996) Identification of dopamine 
D4 receptor mRNA in circulating human lymphocytes using nested polymerase chain 
reaction. J Neuroimmunol. 71:139-144. 

[21] Ricci A, Amenta F (1994) Dopamine D5 receptors in human peripheral blood 
lymphocytes: a radioligand binding study. J Neuroimmunol. 53:1-7. 

[22] Watanabe Y, Nakayama T, Nagakubo D, Hieshima K, Jin Z, Katou F, et al. (2006) 
Dopamine selectively induces migration and homing of naive CD8+ T cells via 
dopamine receptor D3. J Immunol. 176:848-856. 

[23] Saha B, Mondal AC, Basu S, Dasgupta PS (2001) Circulating dopamine level, in lung 
carcinoma patients, inhibits proliferation and cytotoxicity of CD4+ and CD8+ T cells by 
D1 dopamine receptors: an in vitro analysis. Int Immunopharmacol. 1:1363-1374. 



 
Prolactin in the Immune System 73 

[24] Ilani T, Strous RD, Fuchs S (2004) Dopaminergic regulation of immune cells via D3 
dopamine receptor: a pathway mediated by activated T cells. FASEB J. 18:1600-1602. 

[25] Levite M (2012) Dopamine in the Immune System: Dopamine receptors in immune 
cells, potent effects, endogenous production and involvement in immune and 
neuropsychiatric diseases. In: Mia L, editor. Nerve-Driven Immunity: 
Neurotransmitters and Neuropeptides in the Immune System: Springer-Verlag/Wien; 
pp. 1-46. 

[26] Levite M, Chowers Y, Ganor Y, Besser M, Hershkovits R, Cahalon L (2001) Dopamine 
interacts directly with its D3 and D2 receptors on normal human T cells, and activates 
beta1 integrin function. Eur J Immunol. 31:3504-3512. 

[27] Mendez I, González L., Martínez I., Larrea F. Dopamine Inhibits Prolactin Expression 
and Enhances DRD2 Expression in Peripheral Mononuclear Cells. The Endocrine 
Society's 91st Annual Meeting; 2009; Washington, DC., USA. 

[28] Delvin EE, Gagnon L, Arabian A, Gibb W (1990) Influence of calcitriol on prolactin and 
prostaglandin production by human decidua. Mol Cell Endocrinol. 71:177-183. 

[29] Pellegrini I, Lebrun JJ, Ali S, Kelly PA (1992) Expression of prolactin and its receptor in 
human lymphoid cells. Mol Endocrinol. 6:1023-1031. 

[30] Haug E, Bjoro T, Gautvik KM (1987) A permissive role for extracellular Ca2+ in 
regulation of prolactin production by 1,25-dihydroxyvitamin D3 in GH3 pituitary cells. 
J Steroid Biochem. 28:385-391. 

[31] Castillo AI, Jimenez-Lara AM, Tolon RM, Aranda A (1999) Synergistic activation of the 
prolactin promoter by vitamin D receptor and GHF-1: role of the coactivators, CREB-
binding protein and steroid hormone receptor coactivator-1 (SRC-1). Mol Endocrinol. 
13:1141-1154. 

[32] Tornquist K (1987) Effect of 1,25-dihydroxyvitamin D3 on rat pituitary prolactin release. 
Acta Endocrinol (Copenh). 116:459-464. 

[33] Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C (2010) Vitamin D: modulator of the 
immune system. Curr Opin Pharmacol. 10:482-496. 

[34] Adorini L, Amuchastegui S, Daniel KC (2005) Prevention of chronic allograft rejection 
by Vitamin D receptor agonists. Immunol Lett. 100:34-41. 

[35] Adorini L, Penna G (2008) Control of autoimmune diseases by the vitamin D endocrine 
system. Nat Clin Pract Rheumatol. 4:404-412. 

[36] Sharma OP (2000) Hypercalcemia in granulomatous disorders: a clinical review. Curr 
Opin Pulm Med. 6:442-447. 

[37] Turkington RW, MacIndoe JH (1972) Hyperprolactinemia in sarcoidosis. Ann Intern 
Med. 76:545-549. 

[38] Hewison M (2010) Vitamin D and the immune system: new perspectives on an old 
theme. Endocrinol Metab Clin North Am. 39:365-379, table of contents. 

[39] Stevens A, Ray DW, Worthington J, Davis JR (2001) Polymorphisms of the human 
prolactin gene--implications for production of lymphocyte prolactin and systemic lupus 
erythematosus. Lupus. 10:676-683. 



 

Prolactin 74 

[40] Nagafuchi H, Suzuki N, Kaneko A, Asai T, Sakane T (1999) Prolactin locally produced 
by synovium infiltrating T lymphocytes induces excessive synovial cell functions in 
patients with rheumatoid arthritis. J Rheumatol. 26:1890-1900. 

[41] Hatfill SJ, Kirby R, Hanley M, Rybicki E, Bohm L (1990) Hyperprolactinemia in acute 
myeloid leukemia and indication of ectopic expression of human prolactin in blast cells 
of a patient of subtype M4. Leuk Res. 14:57-62. 

[42] Mendez I, Alcocer-Varela J, Parra A, Lava-Zavala A, de la Cruz DA, Alarcon-Segovia D, 
et al. (2004) Neuroendocrine dopaminergic regulation of prolactin release in systemic 
lupus erythematosus: a possible role of lymphocyte-derived prolactin. Lupus. 13:45-53. 

[43] Aringer M, Smolen JS (2004) Tumour necrosis factor and other proinflammatory 
cytokines in systemic lupus erythematosus: a rationale for therapeutic intervention. 
Lupus. 13:344-347. 

[44] Larrea F, Martinez-Castillo A, Cabrera V, Alcocer-Varela J, Queipo G, Carino C, et al. 
(1997) A bioactive 60-kilodalton prolactin species is preferentially secreted in cultures of 
mitogen-stimulated and nonstimulated peripheral blood mononuclear cells from 
subjects with systemic lupus erythematosus. J Clin Endocrinol Metab. 82:3664-3669. 

[45] Jara LJ, Gomez-Sanchez C, Silveira LH, Martinez-Osuna P, Vasey FB, Espinoza LR 
(1992) Hyperprolactinemia in systemic lupus erythematosus: association with disease 
activity. Am J Med Sci. 303:222-226. 

[46] Ben-Jonathan N, Munsick RA (1980) Dopamine and prolactin in human pregnancy. J 
Clin Endocrinol Metab. 51:1019-1025. 

[47] Telgmann R, Maronde E, Tasken K, Gellersen B (1997) Activated protein kinase A is 
required for differentiation-dependent transcription of the decidual prolactin gene in 
human endometrial stromal cells. Endocrinology. 138:929-937. 

[48] Pohnke Y, Kempf R, Gellersen B (1999) CCAAT/enhancer-binding proteins are 
mediators in the protein kinase A-dependent activation of the decidual prolactin 
promoter. J Biol Chem. 274:24808-24818. 

[49] Brosens JJ, Hayashi N, White JO (1999) Progesterone receptor regulates decidual 
prolactin expression in differentiating human endometrial stromal cells. Endocrinology. 
140:4809-4820. 

[50] Maslar IA, Ansbacher R (1986) Effects of progesterone on decidual prolactin production 
by organ cultures of human endometrium. Endocrinology. 118:2102-2108. 

[51] Gellersen B, Brosens J (2003) Cyclic AMP and progesterone receptor cross-talk in 
human endometrium: a decidualizing affair. J Endocrinol. 178:357-372. 

[52] Frank GR, Brar AK, Cedars MI, Handwerger S (1994) Prostaglandin E2 enhances 
human endometrial stromal cell differentiation. Endocrinology. 134:258-263. 

[53] Ferrari A, Petraglia F, Gurpide E (1995) Corticotropin releasing factor decidualizes 
human endometrial stromal cells in vitro. Interaction with progestin. J Steroid Biochem 
Mol Biol. 54:251-255. 

[54] Nemansky M, Moy E, Lyons CD, Yu I, Blithe DL (1998) Human endometrial stromal 
cells generate uncombined alpha-subunit from human chorionic gonadotropin, which 



 
Prolactin in the Immune System 75 

can synergize with progesterone to induce decidualization. J Clin Endocrinol Metab. 
83:575-581. 

[55] Telgmann R, Gellersen B (1998) Marker genes of decidualization: activation of the 
decidual prolactin gene. Hum Reprod Update. 4:472-479. 

[56] Gellersen B, Bonhoff A, Hunt N, Bohnet HG (1991) Decidual-type prolactin expression 
by the human myometrium. Endocrinology. 129:158-168. 

[57] Thrailkill KM, Golander A, Underwood LE, Handwerger S (1988) Insulin-like growth 
factor I stimulates the synthesis and release of prolactin from human decidual cells. 
Endocrinology. 123:2930-2934. 

[58] Thrailkill KM, Golander A, Underwood LE, Richards RG, Handwerger S (1989) Insulin 
stimulates the synthesis and release of prolactin from human decidual cells. 
Endocrinology. 124:3010-3014. 

[59] Jikihara H, Handwerger S (1994) Tumor necrosis factor-alpha inhibits the synthesis and 
release of human decidual prolactin. Endocrinology. 134:353-357. 

[60] Kane NM, Jones M, Brosens JJ, Kelly RW, Saunders PT, Critchley HO (2010) TGFbeta1 
attenuates expression of prolactin and IGFBP-1 in decidualized endometrial stromal 
cells by both SMAD-dependent and SMAD-independent pathways. PLoS One. 
5:e12970. 

[61] Diaz L, Noyola-Martinez N, Barrera D, Hernandez G, Avila E, Halhali A, et al. (2009) 
Calcitriol inhibits TNF-alpha-induced inflammatory cytokines in human trophoblasts. J 
Reprod Immunol. 81:17-24. 

[62] Evans KN, Nguyen L, Chan J, Innes BA, Bulmer JN, Kilby MD, et al. (2006) Effects of 25-
hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 on cytokine production by human 
decidual cells. Biol Reprod. 75:816-822. 

[63] Bonhoff A, Gellersen B (1994) Modulation of prolactin secretion in human myometrium 
by cytokines. Eur J Obstet Gynecol Reprod Biol. 54:55-62. 

[64] Lynch VJ, Brayer K, Gellersen B, Wagner GP (2009) HoxA-11 and FOXO1A cooperate to 
regulate decidual prolactin expression: towards inferring the core transcriptional 
regulators of decidual genes. PLoS One. 4:e6845. 

[65] Kurtz A, Bristol LA, Toth BE, Lazar-Wesley E, Takacs L, Kacsoh B (1993) Mammary 
epithelial cells of lactating rats express prolactin messenger ribonucleic acid. Biol 
Reprod. 48:1095-1103. 

[66] Ellis LA, Picciano MF (1995) Bioactive and immunoreactive prolactin variants in human 
milk. Endocrinology. 136:2711-2720. 

[67] Baldocchi RA, Tan L, Nicoll CS (1992) Processing of rat prolactin by rat tissue explants 
and serum in vitro. Endocrinology. 130:1653-1659. 

[68] Gil-Puig C, Seoane S, Blanco M, Macia M, Garcia-Caballero T, Segura C, et al. (2005) Pit-
1 is expressed in normal and tumorous human breast and regulates GH secretion and 
cell proliferation. Eur J Endocrinol. 153:335-344. 



 

Prolactin 76 

[69] Ben-Batalla I, Seoane S, Macia M, Garcia-Caballero T, Gonzalez LO, Vizoso F, et al. 
(2010) The Pit-1/Pou1f1 transcription factor regulates and correlates with prolactin 
expression in human breast cell lines and tumors. Endocr Relat Cancer. 17:73-85. 

[70] Duan R, Ginsburg E, Vonderhaar BK (2008) Estrogen stimulates transcription from the 
human prolactin distal promoter through AP1 and estrogen responsive elements in 
T47D human breast cancer cells. Mol Cell Endocrinol. 281:9-18. 

[71] Zinger M, McFarland M, Ben-Jonathan N (2003) Prolactin expression and secretion by 
human breast glandular and adipose tissue explants. J Clin Endocrinol Metab. 88:689-
696. 

[72] Hugo ER, Borcherding DC, Gersin KS, Loftus J, Ben-Jonathan N (2008) Prolactin release 
by adipose explants, primary adipocytes, and LS14 adipocytes. J Clin Endocrinol Metab. 
93:4006-4012. 

[73] Borcherding DC, Hugo ER, Idelman G, De Silva A, Richtand NW, Loftus J, et al. (2011) 
Dopamine receptors in human adipocytes: expression and functions. PLoS One. 
6:e25537. 

[74] McFarland-Mancini M, Hugo E, Loftus J, Ben-Jonathan N (2006) Induction of prolactin 
expression and release in human preadipocytes by cAMP activating ligands. Biochem 
Biophys Res Commun. 344:9-16. 

[75] Freemark M, Avril I, Fleenor D, Driscoll P, Petro A, Opara E, et al. (2002) Targeted 
deletion of the PRL receptor: effects on islet development, insulin production, and 
glucose tolerance. Endocrinology. 143:1378-1385. 

[76] Bole-Feysot C, Goffin V, Edery M, Binart N, Kelly PA (1998) Prolactin (PRL) and its 
receptor: actions, signal transduction pathways and phenotypes observed in PRL 
receptor knockout mice. Endocr Rev. 19:225-268. 

[77] Thomas LN, Morehouse TJ, Too CKL (2012) Testosterone and prolactin increase 
carboxypeptidase-D and nitric oxide levels to promote survival of prostate cancer cells. 
The Prostate. 72:450-460. 

[78] Terra LF, Garay-Malpartida MH, Wailemann RA, Sogayar MC, Labriola L (2011) 
Recombinant human prolactin promotes human beta cell survival via inhibition of 
extrinsic and intrinsic apoptosis pathways. Diabetologia. 54:1388-1397. 

[79] LaVoie HA, Witorsch RJ (1995) Investigation of intracellular signals mediating the anti-
apoptotic action of prolactin in Nb2 lymphoma cells. Proc Soc Exp Biol Med. 209:257-
269. 

[80] Asai-Sato M, Nagashima Y, Miyagi E, Sato K, Ohta I, Vonderhaar BK, et al. (2005) 
Prolactin inhibits apoptosis of ovarian carcinoma cells induced by serum starvation or 
cisplatin treatment. Int J Cancer. 115:539-544. 

[81] Perks CM, Keith AJ, Goodhew KL, Savage PB, Winters ZE, Holly JM (2004) Prolactin 
acts as a potent survival factor for human breast cancer cell lines. Br J Cancer. 91:305-
311. 

[82] Berczi I, Nagy E, de Toledo SM, Matusik RJ, Friesen HG (1991) Pituitary hormones 
regulate c-myc and DNA synthesis in lymphoid tissue. J Immunol. 146:2201-2206. 



 
Prolactin in the Immune System 77 

[83] Nagy E, Berczi I (1989) Pituitary dependence of bone marrow function. Br J Haematol. 
71:457-462. 

[84] Berczi I, Nagy E, Kovacs K, Horvath E (1981) Regulation of humoral immunity in rats 
by pituitary hormones. Acta Endocrinol (Copenh). 98:506-513. 

[85] Xu D, Lin L, Lin X, Huang Z, Lei Z (2010) Immunoregulation of autocrine prolactin: 
suppressing the expression of costimulatory molecules and cytokines in T lymphocytes 
by prolactin receptor knockdown. Cell Immunol. 263:71-78. 

[86] Matera L, Cutufia M, Geuna M, Contarini M, Buttiglieri S, Galin S, et al. (1997) Prolactin 
is an autocrine growth factor for the Jurkat human T-leukemic cell line. J 
Neuroimmunol. 79:12-21. 

[87] Buckley AR (2001) Prolactin, a lymphocyte growth and survival factor. Lupus. 10:684-
690. 

[88] Tanaka T, Shiu RP, Gout PW, Beer CT, Noble RL, Friesen HG (1980) A new sensitive 
and specific bioassay for lactogenic hormones: measurement of prolactin and growth 
hormone in human serum. J Clin Endocrinol Metab. 51:1058-1063. 

[89] Kochendoerfer SK, Krishnan N, Buckley DJ, Buckley AR (2003) Prolactin regulation of 
Bcl-2 family members: increased expression of bcl-xL but not mcl-1 or bad in Nb2-T 
cells. J Endocrinol. 178:265-273. 

[90] Krishnan N, Thellin O, Buckley DJ, Horseman ND, Buckley AR (2003) Prolactin 
suppresses glucocorticoid-induced thymocyte apoptosis in vivo. Endocrinology. 
144:2102-2110. 

[91] Saha S, Gonzalez J, Rosenfeld G, Keiser H, Peeva E (2009) Prolactin alters the 
mechanisms of B cell tolerance induction. Arthritis Rheum. 60:1743-1752. 

[92] Dorshkind K, Horseman ND (2000) The roles of prolactin, growth hormone, insulin-like 
growth factor-I, and thyroid hormones in lymphocyte development and function: 
insights from genetic models of hormone and hormone receptor deficiency. Endocr Rev. 
21:292-312. 

[93] De Bellis A, Bizzarro A, Pivonello R, Lombardi G, Bellastella A (2005) Prolactin and 
autoimmunity. Pituitary. 8:25-30. 

[94] Peeva E, Venkatesh J, Michael D, Diamond B (2004) Prolactin as a modulator of B cell 
function: implications for SLE. Biomed Pharmacother. 58:310-319. 

[95] Da Costa R, Szyper-Kravitz M, Szekanecz Z, Csepany T, Danko K, Shapira Y, et al. 
(2011) Ferritin and prolactin levels in multiple sclerosis. Isr Med Assoc J. 13:91-95. 

[96] El-Garf A, Salah S, Shaarawy M, Zaki S, Anwer S (1996) Prolactin hormone in juvenile 
systemic lupus erythematosus: a possible relationship to disease activity and CNS 
manifestations. J Rheumatol. 23:374-377. 

[97] Kira J, Harada M, Yamaguchi Y, Shida N, Goto I (1991) Hyperprolactinemia in multiple 
sclerosis. J Neurol Sci. 102:61-66. 

[98] Neidhart M, Gay RE, Gay S (1999) Prolactin and prolactin-like polypeptides in 
rheumatoid arthritis. Biomed Pharmacother. 53:218-222. 



 

Prolactin 78 

[99] Shoenfeld Y, Tincani A, Gershwin ME (2012) Sex gender and autoimmunity. J 
Autoimmun. 

[100] Chikanza IC, Petrou P, Chrousos G, Kingsley G, Panayi GS (1993) Excessive and 
dysregulated secretion of prolactin in rheumatoid arthritis: immunopathogenetic and 
therapeutic implications. Br J Rheumatol. 32:445-448. 

[101] Li M, Keiser HD, Peeva E (2006) Prolactinoma and systemic lupus erythematosus: do 
serum prolactin levels matter? Clin Rheumatol. 25:602-605. 

[102] Leanos-Miranda A, Cardenas-Mondragon G (2006) Serum free prolactin 
concentrations in patients with systemic lupus erythematosus are associated with lupus 
activity. Rheumatology (Oxford). 45:97-101. 

[103] Orbach H, Shoenfeld Y (2007) Hyperprolactinemia and autoimmune diseases. 
Autoimmun Rev. 6:537-542. 

[104] Biller BM, Luciano A, Crosignani PG, Molitch M, Olive D, Rebar R, et al. (1999) 
Guidelines for the diagnosis and treatment of hyperprolactinemia. J Reprod Med. 
44:1075-1084. 

[105] Miyai K, Ichihara K, Kondo K, Mori S (1986) Asymptomatic hyperprolactinaemia and 
prolactinoma in the general population--mass screening by paired assays of serum 
prolactin. Clin Endocrinol (Oxf). 25:549-554. 

[106] Buskila D, Lorber M, Neumann L, Flusser D, Shoenfeld Y (1996) No correlation 
between prolactin levels and clinical activity in patients with systemic lupus 
erythematosus. J Rheumatol. 23:629-632. 

[107] McMurray RW (2001) Prolactin in murine systemic lupus erythematosus. Lupus. 
10:742-747. 

[108] Blank M, Krause I, Buskila D, Teitelbaum D, Kopolovic J, Afek A, et al. (1995) 
Bromocriptine immunomodulation of experimental SLE and primary antiphospholipid 
syndrome via induction of nonspecific T suppressor cells. Cell Immunol. 162:114-122. 

[109] Elbourne KB, Keisler D, McMurray RW (1998) Differential effects of estrogen and 
prolactin on autoimmune disease in the NZB/NZW F1 mouse model of systemic lupus 
erythematosus. Lupus. 7:420-427. 

[110] McMurray RW, Weidensaul D, Allen SH, Walker SE (1995) Efficacy of bromocriptine 
in an open label therapeutic trial for systemic lupus erythematosus. J Rheumatol. 
22:2084-2091. 

[111] Jara LJ, Cruz-Cruz P, Saavedra MA, Medina G, Garcia-Flores A, Angeles U, et al. 
(2007) Bromocriptine during pregnancy in systemic lupus erythematosus: a pilot 
clinical trial. Ann N Y Acad Sci. 1110:297-304. 

[112] Zoli A, Lizzio MM, Ferlisi EM, Massafra V, Mirone L, Barini A, et al. (2002) ACTH, 
cortisol and prolactin in active rheumatoid arthritis. Clin Rheumatol. 21:289-293. 

[113] Fojtikova M, Tomasova Studynkova J, Filkova M, Lacinova Z, Gatterova J, Pavelka K, 
et al.  Elevated prolactin levels in patients with rheumatoid arthritis: association with 
disease activity and structural damage. Clin Exp Rheumatol. 28:849-854. 



 
Prolactin in the Immune System 79 

[114] Brennan P, Ollier B, Worthington J, Hajeer A, Silman A (1996) Are both genetic and 
reproductive associations with rheumatoid arthritis linked to prolactin? Lancet. 348:106-
109. 

[115] Folomeev M, Nasonov EL, Prokaeva TV, Masenko VP, Ovtrakht NV (1990) [The serum 
prolactin levels of men with systemic lupus erythematosus and rheumatoid arthritis]. 
Ter Arkh. 62:62-63. 

[116] Mateo L, Nolla JM, Bonnin MR, Navarro MA, Roig-Escofet D (1998) High serum 
prolactin levels in men with rheumatoid arthritis. J Rheumatol. 25:2077-2082. 

[117] Nagy E, Chalmers IM, Baragar FD, Friesen HG, Berczi I (1991) Prolactin deficiency in 
rheumatoid arthritis. J Rheumatol. 18:1662-1668. 

[118] Zoli A, Ferlisi EM, Lizzio M, Altomonte L, Mirone L, Barini A, et al. (2002) 
Prolactin/cortisol ratio in rheumatoid arthritis. Ann N Y Acad Sci. 966:508-512. 

[119] Fojtikova M, Tomasova Studynkova J, Filkova M, Lacinova Z, Gatterova J, Pavelka K, 
et al. (2010) Elevated prolactin levels in patients with rheumatoid arthritis: association 
with disease activity and structural damage. Clin Exp Rheumatol. 28:849-854. 

[120] Da Costa R, Szyper-Kravitz M, Szekanecz Z, Csepany T, Danko K, Shapira Y, et al.  
Ferritin and prolactin levels in multiple sclerosis. Isr Med Assoc J. 13:91-95. 

[121] Riskind PN, Massacesi L, Doolittle TH, Hauser SL (1991) The role of prolactin in 
autoimmune demyelination: suppression of experimental allergic encephalomyelitis by 
bromocriptine. Ann Neurol. 29:542-547. 

[122] Legakis I, Petroyianni V, Saramantis A, Tolis G (2001) Elevated prolactin to cortisol 
ratio and polyclonal autoimmune activation in Hashimoto's thyroiditis. Horm Metab 
Res. 33:585-589. 

[123] Yamamoto M, Iguchi G, Takeno R, Okimura Y, Sano T, Takahashi M, et al.  Adult 
combined GH, prolactin, and TSH deficiency associated with circulating PIT-1 antibody 
in humans. J Clin Invest. 121:113-119. 

[124] Knip M, Siljander H (2008) Autoimmune mechanisms in type 1 diabetes. Autoimmun 
Rev. 7:550-557. 

[125] Wellen KE, Hotamisligil GS (2005) Inflammation, stress, and diabetes. J Clin Invest. 
115:1111-1119. 

[126] Brelje TC, Scharp DW, Lacy PE, Ogren L, Talamantes F, Robertson M, et al. (1993) 
Effect of homologous placental lactogens, prolactins, and growth hormones on islet B-
cell division and insulin secretion in rat, mouse, and human islets: implication for 
placental lactogen regulation of islet function during pregnancy. Endocrinology. 
132:879-887. 

[127] Stout LE, Svensson AM, Sorenson RL (1997) Prolactin regulation of islet-derived INS-1 
cells: characteristics and immunocytochemical analysis of STAT5 translocation. 
Endocrinology. 138:1592-1603. 

[128] Cejkova P, Fojtikova M, Cerna M (2009) Immunomodulatory role of prolactin in 
diabetes development. Autoimmun Rev. 9:23-27. 



 

Prolactin 80 

[129] Triebel J, Huefner M, Ramadori G (2009) Investigation of prolactin-related vasoinhibin 
in sera from patients with diabetic retinopathy. Eur J Endocrinol. 161:345-353. 

[130] Arnold E, Rivera JC, Thebault S, Moreno-Paramo D, Quiroz-Mercado H, Quintanar-
Stephano A, et al. (2010) High levels of serum prolactin protect against diabetic 
retinopathy by increasing ocular vasoinhibins. Diabetes. 59:3192-3197. 

[131] Triebel J, Macotela Y, de la Escalera GM, Clapp C (2011) Prolactin and vasoinhibins: 
Endogenous players in diabetic retinopathy. IUBMB Life. 63:806-810. 

[132] Ramirez M, Wu Z, Moreno-Carranza B, Jeziorski MC, Arnold E, Diaz-Lezama N, et al.  
Vasoinhibin gene transfer by adenoassociated virus type 2 protects against VEGF- and 
diabetes-induced retinal vasopermeability. Invest Ophthalmol Vis Sci. 52:8944-8950. 

[133] Koukkari WL, Sothern RB (2006) Introducing biological rhythms: a primer of the 
temporal organization of life, with implications for health, society, reproduction and the 
natural environment. New York: Springer. 655 p. 

[134] Aguilar-Roblero R, DÍaz-Muñoz M (2010) Chronostatic adaptations in the liver to 
restricted feeding: The FEO as an emergent oscillator. Sleep and Biological Rhythms. 
8:9-17. 

[135] Ko CH, Takahashi JS (2006) Molecular components of the mammalian circadian clock. 
Hum Mol Genet. 15 Spec No 2:R271-277. 

[136] Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE (2010) Sleep state switching. 
Neuron. 68:1023-1042. 

[137] Biddle C, Oaster TR (1990) The nature of sleep. AANA J. 58:36-44. 
[138] Van Cauter E (1990) Diurnal and ultradian rhythms in human endocrine function: a 

minireview. Horm Res. 34:45-53. 
[139] Aziz NA, Pijl H, Frolich M, Roelfsema F, Roos RA (2011) Diurnal secretion profiles of 

growth hormone, thyrotrophin and prolactin in Parkinson's disease. J Neuroendocrinol. 
23:519-524. 

[140] Magri F, Locatelli M, Balza G, Molla G, Cuzzoni G, Fioravanti M, et al. (1997) Changes 
in endocrine circadian rhythms as markers of physiological and pathological brain 
aging. Chronobiol Int. 14:385-396. 

[141] Egli M, Bertram R, Sellix MT, Freeman ME (2004) Rhythmic secretion of prolactin in 
rats: action of oxytocin coordinated by vasoactive intestinal polypeptide of 
suprachiasmatic nucleus origin. Endocrinology. 145:3386-3394. 

[142] Guillaumond F, Boyer B, Becquet D, Guillen S, Kuhn L, Garin J, et al. (2011) Chromatin 
remodeling as a mechanism for circadian prolactin transcription: rhythmic NONO and 
SFPQ recruitment to HLTF. FASEB J. 25:2740-2756. 

[143] Lincoln GA, Clarke IJ, Hut RA, Hazlerigg DG (2006) Characterizing a mammalian 
circannual pacemaker. Science. 314:1941-1944. 

[144] Yasui-Furukori N, Furukori H, Sugawara N, Tsuchimine S, Fujii A, Inoue Y, et al. 
(2010) Prolactin fluctuation over the course of a day during treatments with three 
atypical antipsychotics in schizophrenic patients. Hum Psychopharmacol. 25:236-242. 



 
Prolactin in the Immune System 81 

[145] Mingrone G, Manco M, Iaconelli A, Gniuli D, Bracaglia R, Leccesi L, et al. (2008) 
Prolactin and insulin ultradian secretion and adipose tissue lipoprotein lipase 
expression in severely obese women after bariatric surgery. Obesity (Silver Spring). 
16:1831-1837. 

[146] Duvilanski BH, Alvarez MP, Castrillon PO, Cano P, Esquifino AI (2003) Daily changes 
of GABA and taurine concentrations in various hypothalamic areas are affected by 
chronic hyperprolactinemia. Chronobiol Int. 20:271-284. 

[147] Raff SB, Carney JA, Krugman D, Doppman JL, Stratakis CA (2000) Prolactin secretion 
abnormalities in patients with the "syndrome of spotty skin pigmentation, myxomas, 
endocrine overactivity and schwannomas" (Carney complex). J Pediatr Endocrinol 
Metab. 13:373-379. 

[148] Bosco D, Labate A, Mungari P, Vero S, Fava A (2007) SUNCT and high nocturnal 
prolactin levels: some new unusual characteristics. J Headache Pain. 8:114-118. 

[149] Jara LJ, Vera-Lastra O, Miranda JM, Alcala M, Alvarez-Nemegyei J (2001) Prolactin in 
human systemic lupus erythematosus. Lupus. 10:748-756. 

[150] Partonen T (1994) Prolactin in winter depression. Med Hypotheses. 43:163-164. 
[151] Landis CA, Lentz MJ, Rothermel J, Riffle SC, Chapman D, Buchwald D, et al. (2001) 

Decreased nocturnal levels of prolactin and growth hormone in women with 
fibromyalgia. J Clin Endocrinol Metab. 86:1672-1678. 

[152] Van Cauter E, Spiegel K (1997) Hormones and metabolism during sleep. In: Schwartz 
W, editor. Sleep science: integrating basic research and clinical practice. Basel: Karger; 
pp. 144-174. 

[153] Sgoifo A, Buwalda B, Roos M, Costoli T, Merati G, Meerlo P (2006) Effects of sleep 
deprivation on cardiac autonomic and pituitary-adrenocortical stress reactivity in rats. 
Psychoneuroendocrinology. 31:197-208. 

[154] Roky R, Obal F, Jr., Valatx JL, Bredow S, Fang J, Pagano LP, et al. (1995) Prolactin and 
rapid eye movement sleep regulation. Sleep. 18:536-542. 

[155] Obal F, Jr., Garcia-Garcia F, Kacsoh B, Taishi P, Bohnet S, Horseman ND, et al. (2005) 
Rapid eye movement sleep is reduced in prolactin-deficient mice. J Neurosci. 25:10282-
10289. 

[156] Jouvet M (1994) Paradoxical sleep mechanisms. Sleep. 17:S77-83. 
[157] Blyton DM, Sullivan CE, Edwards N (2002) Lactation is associated with an increase in 

slow-wave sleep in women. J Sleep Res. 11:297-303. 
[158] Frieboes RM, Murck H, Stalla GK, Antonijevic IA, Steiger A (1998) Enhanced slow 

wave sleep in patients with prolactinoma. J Clin Endocrinol Metab. 83:2706-2710. 
[159] Wang X, Reece SP, Van Scott MR, Brown JM (2011) A circadian clock in murine bone 

marrow-derived mast cells modulates IgE-dependent activation in vitro. Brain Behav 
Immun. 25:127-134. 

[160]  Niehaus GD, Ervin E, Patel A, Khanna K, Vanek VW, Fagan DL (2002) Circadian 
variation in cell-adhesion molecule expression by normal human leukocytes. Can J 
Physiol Pharmacol. 80:935-940. 



 

Prolactin 82 

[161] Masera RG, Carignola R, Sartori ML, Staurenghi AH, Angeli A (1999) Circadian 
abnormalities of natural killer cell activity in rheumatoid arthritis. Ann N Y Acad Sci. 
876:88-90. 

[162] Sierakowski S, Cutolo M (2011) Morning symptoms in rheumatoid arthritis: a defining 
characteristic and marker of active disease. Scand J Rheumatol Suppl. 125:1-5. 

[163] Dimitrov S, Lange T, Nohroudi K, Born J (2007) Number and function of circulating 
human antigen presenting cells regulated by sleep. Sleep. 30:401-411. 

[164] Besedovsky L, Lange T, Born J (2012) Sleep and immune function. Pflugers Arch. 
463:121-137. 

[165] Lange T, Dimitrov S, Bollinger T, Diekelmann S, Born J (2011) Sleep after vaccination 
boosts immunological memory. J Immunol. 187:283-290. 

[166] Cutolo M (2012) Chronobiology and the treatment of rheumatoid arthritis. Curr Opin 
Rheumatol. 24:312-318. 


