Chapter 1
Prolactin (PRL) in Adipose Tissue: Regulation
and Functions

Nira Ben-Jonathan and Eric Hugo

Abstract New information concerning the effects of prolactin (PRL) on metabolic
processes warrants reevaluation of its overall metabolic actions. PRL affects meta-
bolic homeostasis by regulating key enzymes and transporters associated with glu-
cose and lipid metabolism in several target organs. In the lactating mammary gland,
PRL increases the production of milk proteins, lactose, and lipids. In adipose tissue,
PRL generally suppresses lipid storage and adipokine release and affect adipogen-
esis. A specific case is made for PRL in the human breast and adipose tissues, where
it acts as a circulating hormone and an autocrine/paracrine factor. Although its over-
all effects on body composition are both modest and species-specific, PRL may be
involved in the manifestation of insulin resistance.

1.1 Introduction

Metabolic homeostasis of an individual is finely regulated by the nutritional status,
energy expenditure, and hormonal signals. Peripheral organs such as the pancreas,
liver, and adipose tissue, as well as many centers within the brain, respond to these
changes and act coordinately to maintain metabolic stability. Prolactin (PRL) is a
multifunctional pituitary hormone with more actions than all other pituitary hor-
mones combined. These functions are broadly classified as reproductive, metabolic,
osmoregulatory, and immunoregulatory. The actions of PRL are mediated by the
PRL receptor (PRLR), which is expressed in all organs associated with metabolic
regulation. Unique to humans, PRL is also produced at multiple extrapituitary sites,
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categorizing it as a classical circulating hormone as well as an autocrine/paracrine
cytokine.

Whereas humans are the one species we wish to know most about, they are also
the least accessible to experimental manipulations. Although some properties of
PRL in humans are well documented, for example, the effects of drugs, prolacti-
noma formation, and variants of PRL and the PRLR, others remain obscure. By
necessity, then, information derived from laboratory animals is essential for the un-
derstanding of PRL in human health and disease. Nonetheless, extrapolation from
data obtained with rodents to humans should be done selectively and judiciously.
Given that both PRL homeostasis and adipose tissue properties differ greatly among
species, each section in this chapter contains an extensive comparison of these pa-
rameters in humans vs. rodents. To fully evaluate the role of PRL as a metabolic
hormone with a focus on adipose tissue, the following topics are covered: (1) char-
acteristics of PRL, (2) selected features of the PRLR, (3) adipose tissue properties,
(4) expression and regulation of adipocyte PRL, and (5) metabolic actions of PRL.

1.2 Characteristics of PRL and Lactogens

1.2.1 General Features of Lactogens

Human PRL (hRPL), growth hormone (hGH), and placental lactogen (hPL), com-
monly referred to as lactogens, are members of the cytokine superfamily which
includes over 20 proteins. Members of this family are defined by two criteria: (1)
a tertiary structure of four antiparallel a helices in an up—up—down—down configu-
ration (Fig. 1.1), and (2) binding to a nontyrosine kinase, single-pass transmem-
brane receptor [1]. Lactogens are made of a single polypeptide chain of 190-200
residues with 2-3 disulfide bridges. hPRL has three disulfide bridges, while hGH
and hPL lack the N-terminal disulfide loop. hGH and hPL share 85% sequence
homology, but only 21-22 % homology with hPRL. In spite of the low homology at
the primary amino acid sequence, the three-dimensional topology of the three hu-
man lactogens enables their binding to the hPRLR, as discussed below. Figure 1.1
also demonstrates that all three lactogens equally stimulate proliferation of Nb2 rat
lymphocytes.

1.2.2 The PRL Protein

Humans express a single PRL gene, located on chromosome 6. In addition to the
pituitary, hPRL is independently and differentially expressed at multiple sites that
include the endometrium, myometrium, decidua, immune cells, brain, breast, pros-
tate, skin, and adipose tissue [2]. Consequently, even when pituitary PRL release
is severely impaired, humans are not deprived of locally produced PRL. As judged
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Fig. 1.1 Left panel: Structural similarities of the three human lactogens: #PRL, hPL, and hGH.
Right panel: The three human lactogens similarly increase proliferation of Nb2 rat lymphocytes,
which have long served as the most sensitive bioassay for PRL

by structural, biochemical, and functional criteria, extrapituitary and pituitary PRL
proteins are identical, albeit their transcriptional regulation is dissimilar, as detailed
in Sect. 1.5.

At extrapituitary sites, PRL is produced at much smaller amounts than at the
pituitary, and likely remains in the vicinity of the producing cells via its association
with heparin-binding proteins. Two motifs in hPRL are implicated in heparin bind-
ing [3]. These are absent in hGH and hPL, rendering them incapable of binding to
heparin. The heparin-binding properties of hPRL enhance its efficacy as a cytokine
by enriching its local concentration in tissues with high content of glycosaminogly-
cans such as adipose tissue.

PRL in rodents is primarily expressed in the pituitary, although some PRL is de-
tectable in the decidua [4] and the lactating mammary gland [5, 6]. Unlike humans,
rodents express multiple PRL-related genes which are clustered on chromosome 13
in mice and chromosome 17 in rats. These have variable degrees of sequence ho-
mology and are expressed in the uterus and placenta [7]. Some of the PRL-like pro-
teins play important roles during late pregnancy in rodents, when they compensate
for the markedly reduced pituitary PRL release. Nonetheless, under nonpregnant,
nonlactating conditions, the rodent pituitary is the sole source of PRL.

1.2.3 Growth Hormone and Placental Lactogens

Humans have five GH/PL-related genes clustered on chromosome 17 [8]. These
include GH-N (normal GH), primarily expressed in the pituitary, and four
GH/PL-related proteins: GH-V (variant GH), PL-A, PL-B, and variant PL, all of
which are expressed in the placental syncytiotrophoblast [9]. Although hPRL and
hGH show little sequence homology at the amino acid level, hGH binds not only
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to its cognate receptor (hGHR), but also to hPRLR, and can mimic some of PRL
actions. In contrast, nonprimates’ GH binds only to GHR, while PRL binds only to
the PRLR. In spite of the higher sequence homology of hPLs to hGH than to hPRL,
and their GH-like metabolic functions, hPLs bind to the hPRLR but not to hGHR,
reviewed in [10]. Attempts to identify a unique receptor that binds hPL have not
been successful. Unlike the multiplicity of GH/PL proteins in humans, mice and
rats have only a single GH gene on chromosomes 11 and 10, respectively, which is
primarily expressed in the pituitary.

1.2.4 Structural Diversity of PRL Proteins

The PRL protein can undergo a number of posttranslational modifications which
include polymerization; proteolytic cleavage; glycosylation and phosphorylation;
and impact on its stability, half-life, receptor binding, and bioactivity [11]. In addi-
tion to the 23 kDa PRL, human serum contains macroprolactin (> 100 kDa) and big
PRL (40-60 kDa). Macroprolactin, a complex of monomeric PRL with IgG [12], is
often elevated in hyperprolactinemic patients. Big PRL represents dimerized PRL,
with an unclear relationship to macroprolactin. Proteolytic cleavage of PRL gener-
ates smaller fragments with different biological properties than the parent molecule.
The N-terminal fragment, named 16 K PRL, has been best studied [13]. Recently, a
family of N-terminal fragments of PRL, GH, and PL, named vasoinhibins, has been
identified [14]. These peptides act on endothelial cells to suppress angiogenesis
and promote vascular regression, and also play a role in tumorigenesis. Yet, the
receptor(s) that mediates their action is unknown, and it is also unclear whether PRL
produced at extrapituitary sites undergoes cleavage.

hPRL is N-glycosylated on Asn 34, comprising ~30% of total pituitary PRL
content. Glycosylated PRL is also abundant in serum, milk, and the amniotic fluid
[11]. Glycosylation reduces the binding affinity of PRL to the receptor, and affects
its proteolytic cleavage, tissue distribution, and clearance. Unlike nonmodified pi-
tuitary PRL, which is stored and released from secretory vesicles, glycosylated PRL
is constitutively secreted [15]. Constitutive secretion is particularly applicable to
adipose tissue which does not have secretory granules. Rat PRL lacks a consensus
sequence for N-glycosylation and is O-glycosylated [16]. It constitutes > 50 % of se-
rum PRL in rats, but only a minor component in the pituitary, indicating differential
release rates or a longer half-life.

Phosphorylated PRL has been identified in many species, including rodents and
humans [17]. PRL is phosphorylated on Ser 179 within the secretory granules of
the rat pituitary, and its levels are altered under many physiological states. Studies
with a molecular mimic of phosphorylated PRL (S179D) revealed that it acts as
an agonist for cell differentiation and apoptosis, but as an antagonist for cell pro-
liferation [18]. There is no information on whether extrapituitary PRL undergoes
phosphorylation.
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1.3 Selected Features of the PRLR

1.3.1 Cytokine-Type 1 Receptors

The cytokine-type receptors are single pass transmembrane proteins, devoid of in-
trinsic tyrosine kinase activity. Upon activation they are phosphorylated by a variety
of cytoplasmic proteins. The receptors are subdivided into type I or type II, based
on the number and spacing of cysteine and proline residues in their extracellular
domain (ECD). The PRLR belongs to the type I subfamily which includes recep-
tors for GH, leptin, a few interleukins, erythropoietin, leukemia inhibiting factor,
and others [19]. Ligand binding to these receptors activates the Janus kinase-signal
transducer and activator of transcription (Jak-Stat), as well as the mitogen-activated
protein kinase (MAPK), and the phosphoinositide 3 kinase (P13 K) signaling path-
ways.

1.3.2 Regulation of hPRLR Expression

The hPRLR gene is located on chromosome 5 in close proximity to the hGHR
sequence. It is > 100 kb long and has 11 exons. Exons 1, 2, and part of exon 3 com-
prise the 5'-untranslated region (5’-UTR), while the rest of the exons comprise the
coding region [20]. The 5'-UTR has six alternative first exons that are expressed in
a tissue-specific manner. Regardless of which first exon is utilized, all are spliced
into a noncoding exon 2. Transcription of the hPRLR gene is regulated at different
sites by alternative promoters, each driving a specific first exon [20]. Alternative
splicing within the coding region yields several isoforms that differ in length of the
cytoplasmic domain, as discussed below.

The PRLR is expressed in most tissues, with the highest expression in the liver,
mammary gland, adrenal, and hypothalamus [21]. Receptor expression is altered in
response to changes in circulating PRL and steroid hormones, which can increase
or suppress receptor expression, depending on the cell context and the physiological
conditions. PRL also induces proteolytic degradation of the PRLR through ubiqui-
tination [22]. Impairment of this process in some malignant PRLR-expressing cells
(e.g., breast cancer), results in increased stability of the PRLR, enhanced respon-
siveness to PRL, and increased tumorigenicity.

1.3.3 Structural Elements of hPRLR Protein

The PRLR protein consists of three distinct components: an ECD which binds the li-
gands, a short transmembrane domain™, and a variable intracellular domain (ICD)
which links to second messengers [23, 24]. The ECD is ~200 amino acids long and
contains two subdomains: an amino-terminal region called D1, and a membrane-
proximal region called D2, both of which have type 111 fibronectin-like motifs. Two
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pairs of disulfide bonds in the D1 domain, and a “WS-motif” (Trp-Ser-X-Trp-Ser)
in the D2 domain are critical for receptor folding and trafficking [25]. Within each
species, the ECDs of all PRLR isoforms are identical. The two disulfide bonds in
D1 are preserved in all species, but the WSxWS domain is seen in humans and rats
but not in mice, which have a WSXxWG. The ECD of the rat and mouse is 95 % ho-
mologous, differing only by 11 residues. The human ECD has 71 and 74 % homol-
ogy to those in mice and rats, respectively [10].

1.3.4 PRLR Isoforms

Alternative splicing during transcription generates several PRLR isoforms, classi-
fied by the length of their ICD as “long,” “intermediate,” or “short.” The long PRLR
is the major form through which PRL transmits its signals. It has an apparent mass
of 90 kDa and is composed of 588 residues, 364 of which are in the ICD. The ICD
contains ten tyrosine residues (only nine in rodents) whose location and adjacent
residues determine whether they become phosphorylated following receptor activa-
tion [24].

Humans have more PRLR isoforms than rats and mice combined. Six isoforms
of hPRLR have been identified [26]: long (85-90 kDa), intermediate (50 kDa),
AS1 (70 kDa), short 1a (56 kDa), and short 1b (42 kDa). There is also a soluble
PRL binding protein which contains only the ECD (32 kDa), and is generated by
proteolysis and is present in the circulation. The isoforms are expressed at vari-
able ratios in normal and malignant cells, and some have independent, site-specific
biological activities [27]. When co-expressed with the long isoform, several short
isoforms inhibit transcriptional responses to PRL, suggesting that they can act as
dominant negatives and may provide protection against overstimulation by PRL
([28]; Fig. 1.2).

A special case is an intermediate PRLR isoform that is expressed in rat Nb2 cells.
Nb2 cells are a pre-T lymphocyte cell line which has served as the most sensitive
bioassay for PRL for many decades. These cells encode a mutant receptor protein
of 393 amino acids which lacks 198 residues in the cytoplasmic domain [29]. The
mechanism by which PRL acts as a very potent mitogen for Nb2 cells, but as a
rather weak mitogen in most other cells is unknown.

1.3.5 Ligand Binding

The secondary and tertiary configuration of both PRL and the PRLR, including
specific residues in critical topological locations, determine receptor binding and
activation. Yet, a structure-based explanation for the activation of the PRLR by dif-
ferent lactogens remains a major challenge. The rodent PRLR is activated by hPRL
and hPL but not by hGH, while the hPRLR is activated by rPRL but not by mPRL
[30]. The fact that human xenografts in nude mice do not respond to circulating
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Fig. 1.2 Comparison of PRLR isoforms in rodents vs. humans. The similar extracellular domain
is designated by two subdomains, D/ and D2, which contain disulfide bonds and WS motif, respec-
tively. Receptors are classified by the length of the intracellular domains as long (L), intermediate
(1), and short (). In addition, there is a receptor missing the D1 domain in the ECD (AS1), and
another which contains only the extracellular domain (binding protein or BP). The intracellular
domain contain two conserved regions, designated Box / and Box 2, which link the receptor to
signaling molecules

mouse PRL is overlooked by many investigators. Such unresponsiveness hinders
the ability to extrapolate data from mice to humans vis-a-vis the role of PRL in
tumorigenesis and metabolic regulation. The species-dependent incompatibilities
may be overcome with the recent generation of humanized rats [31] and mice [32]
that express the hPRL gene, and the eventual crossing of hPRL-expressing mice to
immune-deficient mice.

PRLR dimerization is obligatory for signal transmission, but whether PRL in-
duces sequential dimerization or binds to predimerized receptors is controversial
[21, 25, 33]. While the former represents a long-held view, the latter has gained
support, based on the identification of preformed dimers of other cytokine type 1
receptors. Two sites on PRL with different affinities are necessary for binding to the
two receptors. The use of combinations of various constructs of the PRLR revealed
that the TM domain is sufficient for dimerization in a ligand-independent fashion,
but the interaction is strengthened by both the ECD and ICD [34]. A comprehensive
cover of the different concepts of PRLR activation by its ligands can be found in a
recent review [25].
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Fig. 1.3 The three major sig-
naling transduction pathways
of the long PRLR isoform:
Jak2-Stat5a/b, PI3K/Akt, and
MAPK which are activated
by PRL in a cell-selective
manner. See text for other
explanations

Target Genes

Growth, Development, Metabolism

1.3.6 Signal Transduction

The PRLR is devoid of intrinsic tyrosine kinase activity and utilizes the Jak2-Stat
pathway as its main signaling cascade. The receptor-associated Jak?2 is rapidly phos-
phorylated upon PRL binding and induces the phosphorylation of the receptor itself,
associated kinases, and Stat proteins [23, 35]. Of the seven known Stat proteins,
Stats 1, 3, and 5 can be activated by PRL, with Stats 5a and 5b especially important
for mammary gland development and functions. Upon phosphorylation, Stat pro-
teins hetero- or homodimerize via SH2—phosphotyrosine interactions. The activated
dimers are translocated to the nucleus and bind to GAS (y-interferon activation
sequence) consensus elements on target genes. Milk proteins, that is, B-casein, lact-
albumin, and whey acidic protein, are the best characterized PRLR-regulated genes
downstream of the Jak-Stat pathway.

The Ras—Raf-MAPK pathway is also activated by PRL in many cells. Phos-
phorylation of Jak2 can recruit adaptor proteins such as Shc, Grb2, and SOS to
the PRLR, resulting in the binding and activation of Ras and Raf. This leads to
activation of the MAP kinase pathway, which is often associated with increased
cell proliferation [36]. Activation of the PRLR also facilitates docking of Src family
kinases, which in turn activates the PI3K/Akt pathway that mediates some of the
antiapoptotic and metabolic actions of PRL [37] (Fig. 1.3).
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Both the strength and duration of the PRL-induced signaling are regulated by
members of the suppressors of cytokine signaling (SOCS) proteins, whose expres-
sion is rapidly induced following receptor activation [38]. The SOCS proteins inter-
act either with the PRLR or with Jak2 and inhibit further signal activation. In sum,
the signal transduction activated by the PRLR does not represent a linear progres-
sion but involves several interacting pathways that differ in predominance among
the various PRLR-expressing cells.

1.4 Adipose Tissue Properties

1.4.1 Distinct Features of Adipose Tissue

Adipose tissue is an active organ that plays a pivotal role in metabolic, physiologic,
and endocrine homeostasis [39, 40]. This highly specialized tissue of mesenchymal
origin is comprised of multiple cell types held loosely together in a collagen matrix.
The predominant cell is the terminally differentiated adipocyte, a very large cell
whose size can be dramatically altered under various nutritional states. The stroma,
often referred to as the stromal vascular fraction (SVF), contains pleuripotent stem
cells, preadipocytes, endothelial cells, pericytes, mast cells, fibroblasts, and hema-
topoietic cells, primarily macrophages.

Obesity results from adipocyte enlargement through enhanced lipid accumula-
tion (hypertrophy), as well as increased cell number (hyperplasia). The latter begins
with recruitment of stem cells to the adipocyte lineage [41], followed by adipo-
genesis, which converts committed preadipocytes to mature adipocytes [42]. Ap-
proximately 10 % of fat cells are renewed annually irrespective of body mass index,
without an increase in their overall number in adults. Death of adipocytes occurs by
necrosis or apoptosis. Whether apoptosis is a critical factor which determines the
number of adipocytes has been debated [43]. A therapeutic induction of apoptosis
in adipocytes could become a valuable approach for treating obesity [44]. Obesity
is also associated with recruitment of macrophages into adipose tissue, leading to
increased production of proinflammatory cytokines such as TNFa and IL-6, and
development of low-level inflammation [45].

1.4.2 White and Brown Adipocytes

Two types of adipose tissue are recognized: white adipose tissue (WAT) and brown
adipose tissue (BAT). White adipocytes are characterized by a single, large lipid
droplet occupying up to 90% of the cell volume. The droplet consists of triacyl-
glycerols (TAG) and cholesterol and is coated with specialized proteins, for ex-
ample perilipins, which mediate interactions between the droplet and regulators of
lipid metabolism. WAT secretes numerous important hormones/adipocytokines that
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include leptin, adiponectin, resistin, adipsin, TNFa and angiotensinogen [46, 47], as
well as PRL [48], as detailed below. After menopause, WAT also becomes a signifi-
cant source of estrogen, which is produced from circulating androgen precursors by
the cytochrome P enzyme aromatase. In sum, the two main functions of WAT are
storage and release of lipids, and production and secretion of adipokines. Together,
they affect food intake, energy balance, insulin sensitivity, lipid and glucose me-
tabolism, and cardiovascular functions [49].

Brown adipocytes contain multilocular lipid droplets and have a high density of
mitochondria. They express uncoupling protein 1 (UCP-1) which generates heat by
uncoupling electron transport from oxidative phosphorylation. BAT is specialized
for nonshivering heat production [50]. It was recently discovered that functional
BAT, once thought to exist mainly in infants, is also present in adults [51]. Brown
adipocytes are detectable during cold exposure, and are associated with decreased
adiposity. There is evidence for transdifferentiation between white and brown adi-
pocytes. When stimulated, brown adipocytes enhance energy expenditure and in-
crease glucose and fatty acid uptake. Thermogenesis in BAT is recognized as an
important determinant in energy balance, and its therapeutic manipulation could be
exploited in the treatment of obesity.

1.4.3 Fat Depots: Morphological and Functional Aspects

Human WAT is found in specific anatomical depots, which differ in morphology
and functions and are classified as abdominal visceral (vis) and subcutaneous (sc)
fat [52, 53]. The relative distribution of these depots determines body shape. There
is sex dimorphism in the regional distribution of adipose tissue, with vis fat ac-
counting for 6% of body fat in women but 20% in men, reflecting their greater
propensity to accumulate excess abdominal fat. After menopause, fat distribution
in women is closer to that of men, suggesting a role for sex steroids in anatomical
deposition of fat [54]. The cellular composition of the depots varies, with vis fat
having more macrophages and fewer preadipocytes than sc fat, whereas sc adipo-
cytes in obese subjects are larger than their vis counterparts. The depots also differ
in the secretion of adipokine, with vis fat secreting more IL-6 but less leptin and
adiponectin than sc fat.

In humans, increased abdominal vis fat is a critical factor in the manifestation of
the metabolic syndrome, which has become alarmingly pervasive in recent years.
The metabolic syndrome is defined by glucose intolerance, hyperinsulinemia, hy-
pertriglyceremia, altered serum lipoprotein levels, and hypertension. Vis fat is more
sensitive to f-adrenergic agonists and less responsive to insulin than sc fat, making
it more lipolytically active [52, 55]. As the output of vis fat drains into the hepatic
portal blood, increased influx of free fatty acids (FFA) inhibits hepatic insulin clear-
ance and contributes to hyperinsulinemia. Chronic elevation of FFA also impairs
glucose metabolism and insulin sensitivity in liver and muscle, and reduces pancre-
atic P cell function [56]. Other factors, for example, increased production of some
adipokines and inflammatory cytokines, and altered insulin receptor expression,
link obesity to the metabolic syndrome [56].



1 Prolactin (PRL) in Adipose Tissue: Regulation and Functions 11

Adipose depots in mice are present in several distinct locations: (1) gonadal
fat surrounding the uterus and ovaries in females and the epididymis and testes in
males; (2) abdominal fat, further subdivided into mesenteric, omental, and pericar-
dial, (3) sc fat which also includes the mammary fat pads in females, and (4) brown
adipose tissue, primarily seen in neonates in the neck and thoracic regions [57]. Of
all fat depots in the mouse, the gonadal depots are the largest, comprising about
30% of dissectible fat.

The mammary fat pad is especially relevant to any discussion on PRL and adi-
pose tissue. The mammary gland contains myoepithelial and luminal epithelial cells
that comprise the milk ducts and alveoli. These are embedded in a stroma com-
posed of fibroblasts and adipocytes. Studies with rodents showed that the stroma
provides signals to the epithelial cells that are critical for postnatal morphogenesis
of the mammary gland [58]. Mammary adipocytes are especially active during the
transitions from pregnancy to lactation, and into involution, and also contribute to
tumorigenesis [59]. There are major differences in the distribution of mammary fat
between humans and rodents. In rodents, stromal adipocytes are in close proximity
to the epithelium, while human breast adipose tissue is interlaced with a network of
fibroblasts and connective tissue, and a fibrous layer separates the epithelium from
the adipocytes, reviewed in [10].

1.4.4 The Process of Adipogenesis

Adipocytes are derived from pluripotent mesenchymal stem cells (MSC), that can
differentiate into adipocytes, myocytes, chondrocytes, and osteocytes [41]. Induc-
tion of MSC into the preadipocyte lineage occurs in response to stimulation/inhi-
bition by bone morphogenic protein (BMP) family members, Wnt/B-catenin, and
hedgehog signaling. White and brown adipocytes originate from different progeni-
tors, with brown adipocytes characterized by the expression of Myf5, while white
adipocytes are Myf5-negative [60].

Once committed, conversion of preadipocytes into mature adipocytes progress-
es through a well-coordinated, sequential activation/inactivation of a cascade of
genes. This results in substantial structural, morphological, and functional changes
(Fig. 1.4). Studies with murine preadipocytes, primarily 3T3-L1 cells, with sup-
portive data from primary human preadipocytes, provided most of our knowledge
of the molecular basis of adipogenesis. Under in vitro conditions, adipogenesis is
initiated by exposure of preadipocytes to adipogenic-inducing hormones such as
glucocorticoids, insulin/IGF-1, and cAMP activators [41, 61]. Although the time-
course differs among the cellular models, most critical steps are common. These in-
clude an initial growth arrest, followed by clonal expansion, and a secondary arrest.
Preadipocytes first withdraw from the cell cycle and become arrested at the G1/S
stage. They then reenter the cell cycle and undergo 2—3 rounds of division, referred
to as mitotic clonal expansion. The latter, however, may be a permissive, but not an
absolute, requirement for differentiation of human preadipocytes.



12 N. Ben-Jonathan and E. Hugo

Chondrocytes Osteoblasts ~Brown
adipocyte

Myocytes
Stem : .
cells - / lT
Pre-adipocyte Adipocyte Mature adipocyte Cell death

Fig. 1.4 Formation of mature adipocytes. Stem cells can differentiate into preadipocytes, chon-
drocytes, myoblasts, and osteoblasts. Preadipocytes undergo mitotic expansion, followed by cell
cycle arrest and adipogenesis, which results in the formation of terminally-differentiated mature
adipocytes. Brown adipocytes develop from another cell lineage, with trans-differentiation occur-
ring between white and brown adipocytes. Obesity results primarily from hypertrophy by enhanced
lipid accumulation, and is characterized by macrophage infiltration. Cell death occurs by necrosis
or apoptosis

Adipogenesis progresses in well-orchestrated waves of genetic events [62]. Sev-
eral transcription factors: peroxisome proliferator activated receptor y (PPARY) and
CCAAT/enhancer binding proteins (C/EBP a, B, and y), are central to the control
of adipogenesis, while other transcription factors play supportive roles [41]. Dur-
ing early adipogenesis, the cells irreversibly exit the cell cycle and start losing their
fibroblast-like morphology. As adipogenesis progresses, the cells accumulate TAGs
in response to the increased expression of lipid synthesizing enzymes. The insulin
receptor, the glucose transporter GLUT4, and key adipokines such as leptin and adi-
ponectin, are also coordinately expressed. Adipogenesis is modulated by a plethora
of hormones and local factors such as glucocorticoids, GH, IGF-1, TNFa, and IL-6
[62].

1.4.5 Lipid Metabolism: Lipogenesis vs. Lipolysis

Adipose tissue is the major site of lipid metabolism, which also occurs, to a lesser
extent, in the liver [63, 64]. Based on weight, fat contains twice as many calories
as proteins or carbohydrates, making energy storage in the form of TAGs highly
efficient. Synthesis of TAGs requires assembly of three moieties of fatty acids with
a molecule of glycerol. Fatty acids are available to the adipocytes from the circula-
tion or from local synthesis [65], and glycerol is available as glycerol-3-phosphate
from glycolysis and glyceroneogenesis [66]. The overall process of lipogenesis is
affected by the frequency and composition of the diet and serum glucose and lipid
levels, and is regulated by insulin, which increases lipogenesis, and GH and gluca-
gon which decrease it.
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Adipocytes store TAGs when energy supply is abundant, while during periods of
caloric deficits, they hydrolyze them to FFA, which serve as fuel and metabolic pre-
cursors for other tissues [46]. Stored TAGs originate from two sources: (1) dietary
fat in the form of chylomicrons from the intestines, very low-density lipoproteins
(VLDLs) from the liver, and nonesterified fatty acids bound to albumin, and (2) de
novo lipogenesis from carbohydrates [46, 64]. Under a typical western diet, stored
lipids are primarily derived from dietary triglycerides, while de novo lipogenesis
predominates under excess carbohydrate intake [63]. In human adipocytes, de novo
lipogenesis is significantly less active than in rats because of differences in the
expression of sterol regulatory element binding protein (SREBP-1), or the composi-
tion of diet in the two species [66].

Several key enzymes, some of which are affected by PRL (see below), are in-
volved in TAG production. One is lipoprotein lipase (LPL), which is synthetized
in adipocytes and secreted into adjacent endothelial cells. LPL hydrolyzes TAGs
from circulating chylomicrons and lipoproteins into FFA, which are taken up by the
adipocytes via membrane transport proteins [65]. Two other enzymes are pyruvate
dehydrogenase (PDH), which generates acetyl-CoA, and acetyl-CoA carboxylase
(ACC), which generates malonyl CoA, an essential intermediate in fatty acid bio-
synthesis. A critical lipogenic enzyme is fatty acid synthase (FAS), a multienzyme
complex which catalyzes the production of palmitate from acetyl Co-A and malonyl
Co-A into long chain fatty acids.

Lipolysis entails a stepwise breaking down of TAGs, first to into diacylglycerols
(DAG) and then to monoacylglycerols (MAG), eventually yielding three molecules
of FFAs and one molecule of glycerol. Hormone sensitive lipase (HSL), so named
because of its high sensitivity to insulin and catecholamines, has long been con-
sidered the rate-limiting step in lipolysis. Following the discovery of adipocytes
triglyceride lipase (ATGL) by three independent groups [67], it is now recognized
that both enzymes act coordinately to regulate lipolysis.

Catecholamines and insulin increase and decrease lipolysis, respectively, by
altering the cAMP/PKA signaling pathway in opposite directions [65, 68, 69].
Norepinephrine and epinephrine originate from the adrenal medulla and sympa-
thetic nerve endings. They bind to a- and B-adrenergic receptors, which are classi-
cal seven-transmembrane receptors coupled to inhibitory (Gi) or stimulatory (Gs)
G-proteins, respectively. Upon activation, Gs proteins stimulate adenylyl cyclase,
increase cAMP and activate protein kinase A. Once activated, PKA phosphorylates
both HSL, which translocates from the cytosol to the lipid droplet, and perillipin-1,
which is displaced from the surface of the droplet into the cytosol. This coordinated
event provides access of HSL to stored TAGs and enables their hydrolysis. In ro-
dents, the 3-adrenergic receptor is the primary lipolytic mediator, while in humans,
B1, B2, and 02 (an inhibitor of lipolysis) receptors, play more decisive regulatory
roles [69].

Inhibition of lipolysis by insulin involves cAMP-dependent and cAMP-
independent mechanisms [39, 65]. Insulin binds to its receptor and activates the
insulin receptor substrate (IRS). This is followed by activation of PKB/Akt and
phosphorylation of phosphodiesterase 3B (PDE3B), which degrades cAMP and de-
activates PKA. Hence, the suppression of lipolysis by insulin results from reduced
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phosphorylation-mediated activation of HSL and perilipin. Insulin also inhibits li-
polysis by stimulating phosphatase-1, which rapidly dephosphorylates and deacti-
vates HSL. In humans, but not in rodents, natriuretic peptides stimulate lipolysis
via a cGMP-dependent pathway that does not involve PDE-3B inhibition or cAMP
production [70].

1.4.6 Selected Adipokines

Adipose tissue is an important endocrine organ whose hormones, the adipokines,
regulate food intake, energy balance, insulin resistance, inflammatory responses,
and blood pressure. In turn, the release of adipokines is influenced by the nutritional
status, hormonal signals, and energy expenditure [39, 46, 71]. Since the discovery
of leptin in 1994, a multitude of adipokines and adipocytokines has been identified.
Some of these are exclusively produced by adipocytes, few are secreted by adipose
stromal cells, and several are also produced to a variable degree by other organs.
Here we focus only on leptin and adiponectin, which are affected by PRL.

Leptin is a 16-Kda protein produced primarily by mature adipocytes, and at low
levels in the GI tract, muscle, mammary epithelium, placenta, and brain. Serum
leptin levels increase in proportion to weight gain and decrease with weight loss,
designating leptin as a “signal” of adiposity [72, 73]. The leptin receptor (Ob-R or
LR) and the PRLR belong to the cytokine type 1 receptor family and share many
features. Leptin utilizes Jak2/Stat 3 as its main signaling pathway, and also cross-
talk with the insulin receptor through activation of IRS-1. Similar to the PRLR, the
LR is alternatively spliced into secreted, short and long isoforms, with the long iso-
form serving as the primary mediator of leptin action. However, unlike the promis-
cuity of the PRLR which binds several lactogens, the LR responds only to leptin.

Leptin is a multifunctional hormone which acts on many peripheral organs and
the brain. Much attention has been given to its ability to suppress appetite. Leptin
can cross the blood—brain barrier through a saturable mechanism, and binds to re-
ceptors that are expressed in many sites within the brain [46]. Elevated leptin direct-
ly suppresses the orexigenic peptides neuropeptide Y and agouti-related peptide in
the arcuate nucleus, while indirectly inhibiting melanin concentrating hormone and
orexin in the lateral hypothalamus. Leptin also increases the proopiomelanocortin-
derived anorectic peptide a-MSH. These coordinated actions ultimately lead to a re-
duction in food intake, increased energy expenditure, and increased thermogenesis.

The initial expectation that leptin could be used therapeutically to suppress ap-
petite in obese patients has not materialized for several reasons. First, the short
half-life of circulating leptin requires a very frequent delivery or a long-acting leptin
formulation. More importantly, a prolonged rise in serum leptin levels in obesity
induces leptin resistance, which results from lower leptin transport into the brain as
well as reduced leptin signaling. Thus, leptin has diminished effects on food intake
in obese patients [72]. Unlike rodents, in whom leptin is a major suppressor of ap-
petite, the control of appetite in humans is more dominated by GI-derived hormones
such as ghrelin, cholecystokinin, pancreatic polypeptide, peptide Y'Y, and glucagon-
like peptide [74].
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Adiponectin is a major adipocytes-derived hormone which is not produced else-
where. It circulates at very high levels, comprising as much as 0.01 % of total plasma
proteins [75, 76]. Adiponectin is a 30-kDa protein with a complex structure, with
some homology to collagen VIIL. It circulates in many forms, from trimers to high-
molecular weight decamers. In contrast to leptin, serum adiponectin is negatively
correlated with fat mass, being low in obesity and high after weight loss. Adiponec-
tin binds to two receptors (AdipoR 1 and AdipoR2) which contain 7-transmembrane
domains but are structurally and functionally distinct from the G-protein-coupled
receptors [77]. AdipoR1 is primarily expressed in muscle and signals through AMP
kinase, while AdipoR2 is expressed in liver and activates PPARa.

Adiponectin acts as an insulin sensitizer, and is classified as an antidiabetic, an-
tiinflammatory, and antiatherogenic hormone [77]. In liver, adiponectin decreases
FFA influx and reduces glucose output, while in muscle, it stimulates glucose utili-
zation and fatty acid oxidation. Adiponectin has beneficial effects on the cardiovas-
cular system, where it prevents atherosclerotic formation by inhibiting monocyte
adhesion to the endothelium, and by suppressing transformation of macrophages
into foam cells. The actions of adiponectin on the brain are not well defined. In ro-
dents, intracerebral administration of adiponectin results in decreased body weight
by increasing energy expenditure without altering food intake. In sum, low serum
adiponectin is associated with insulin resistance and type 2 diabetes, while its el-
evation has the opposite effects. The ability of adiponectin to enhance insulin sen-
sitivity and promote vascular health raises the prospect of its therapeutic use in
the treatment of diabetes and cardiovascular diseases. However, biologically active
recombinant adiponectin proteins are unstable and difficult to make, presenting a
challenge for both research and clinical applications.

1.5 Expression and Regulation of Adipose PRL

1.5.1 The Discovery of Adipose PRL

PRL production in human adipose tissue was serendipitously discovered upon
studying the potential role of local PRL in breast carcinogenesis [78]. Surgical
specimens of normal and malignant breast tissue were separated into adipose
and glandular explants and incubated for 10 days in serum-free media. Explants
were analyzed for PRL gene expression by RT-PCR, and media were analyzed
for secreted PRL by the Nb2 bioassay. Unexpectedly, breast adipose explants,
intended to serve as negative controls, expressed and released 10-15 times more
PRL than their glandular counterparts. To verify local synthesis rather than re-
lease from reuptake, explants were incubated with 3°S-methionine, followed by
immunoprecipitation, electrophoresis, and autoradiography [78]. The presence of
metabolically-labeled PRL in both tissue extracts and conditioned media strongly
supported de novo synthesis of PRL.
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Another unexpected observation was a progressive rise in PRL release from adi-
pose explants up to 7 days in culture, suggesting removal from inhibitory controls.
PRL release from glandular explants was suppressed by progesterone, but neither
estrogen nor progesterone altered its release from adipose explants [78], indicating
dissimilar regulation of PRL in the two adjacent tissues. These findings raised sev-
eral intriguing questions: (1) Is PRL synthesized in other adipose depots and, if so,
is it affected by obesity? (2) Which cells synthesize PRL? (3) What is the nature of
the inhibitor? and (4) What are the functions of local PRL?

To address these questions, vis and sc adipose tissue explants from morbidly
obese and nonobese patients were placed in culture. Similar to the profile of PRL
release from breast adipose tissue, PRL release from both types of explants showed
time-dependent increases [79]. PRL release from sc explants from obese patients
was significantly lower than that from lean patients, with no apparent difference
between men and women. Isolated mature adipocytes had an identical pattern of
PRL release to that from explants. Collectively, these data showed depot-specific
control of PRL production which is markedly affected by obesity. The mechanism
by which obesity causes a reduction in adipocyte PRL release and its functional
consequences, remain to be determined. Adipocytes are the primary source of PRL
in adipose tissue, although infiltrating macrophages which express PRL [80], could
add to the overall adipose PRL output in obesity. PRL expression was undetectable
in adipose tissue from rats, mice or 3T3-L1 and 3T3-442A murine preadipocyte cell
lines, confirming the notion that adipocyte-derived PRL is unique to humans. Yet,
infiltrating macrophages may carry out some PRL production in adipose tissue in
obese rodents [80].

When compared on per cell basis, PRL release from a single adipocyte is many
orders of magnitude lower than that from a pituitary lactotroph. However, the hu-
man pituitary weighs 1 g, while the weight of adipose tissue in obese individuals
can exceed 100 kg. Consequently, the overall PRL production by adipose tissue
could approach that of the pituitary. A relevant question is whether adipose PRL
affects serum PRL levels. Given that hPRL binds heparin [3], most of the PRL
secreted by adipocytes is presumably retained locally by proteoglycans, which are
abundant in adipose tissue but low in the pituitary, making adipose PRL a true au-
tocrine/paracrine factor. A recent study compared serum PRL levels in obese and
lean patients and found higher basal serum PRL in women than men, but no effect
of obesity [81]. Serum PRL levels did not correlate with BMI, and were unchanged
after massive weight loss. Another study found lower serum PRL in obese than lean
children [82]. Collectively, these data demonstrate that adipose-derived PRL has
little, if any, effects, on circulating PRL levels.

1.5.2 Regulation of PRL Gene Expression

The human PRL gene consists of five coding exons. It is transcribed in the pi-
tuitary from a proximal promoter which depends on Pit-1 transcription factor for
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Fig. 1.5 The regulation of pituitary and extrapituitary PRL gene expression by the proximal
and superdistal promoters, respectively. The PRL transcripts are identical except for a longer 5’
untranslated region (UTR) in the extrapituitary transcript. See text for other explanations

activation, and is regulated by dopamine, estrogen, neuropeptides, and some growth
factors [83]. In contrast, expression of extrapituitary PRL is driven by a superdis-
tal promoter, located 5.8 kb upstream of the pituitary start site. This promoter is
silenced in the pituitary and does not depend on Pit-1. Exon 1la, serving as an alter-
native transcriptional start site (named decidual start site), is spliced into exon 1b,
yielding an identical transcript to that of the pituitary except for a longer 5" UTR
(Fig. 1.5). The superdistal promoter extends —3000 bp upstream of the decidual
start site and is composed of a proximal region between —350 and —60 and a distal
enhancer between —2000 and — 1500 [84, 85]. The dissimilar control of the PRL
gene in various tissues is exemplified by progesterone, which increases PRL ex-
pression in the endometrium, decreases it in the myometrium and breast, and has no
effect on pituitary PRL.

To map the active elements within the superdistal promoter, primary preadipo-
cytes were transiently transfected with a luciferase reporter driven by a full-length
decidual PRL promoter (—3000/+66), or with progressively deleted mutants [86].
Transfection with either the full length promoter or the —317 construct resulted in
a 25-fold increase in luciferase activity above vector control. On the other hand,
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the —1556 and —675 constructs caused only five- to eightfold increases, suggest-
ing presence of inhibitory elements between the proximal promoter and the distal
enhancer. The two positive regulatory domains correspond to those in decidual cells
[87], while the inhibitory region appears to be unique to adipocytes.

1.5.3 Factors Which Affect PRL Release

Knowledge of the control of PRL release in extrapituitary sites lags behind that of
pituitary PRL for several reasons. First, unlike those of rodents, human tissues are
not as readily available and show high variability among tissue donors. Second,
PRL release from these sites is several orders of magnitude lower than pituitary
PRL, requiring the use of more sensitive, but often less specific, bioassays. Third,
there is no uniform mechanism for the control of PRL release, as each cell type
utilizes different regulators. Fourth, there are no storage granules in most extra-
pituitary sites, implying constitutive PRL release rather than calcium-dependent
exocytosis as in pituitary lactotrophs. Without vesicular storage, the main control
of nonpituitary PRL is transcriptional, as is the case for most cytokines. In spite of
the dissimilar regulation of pituitary and nonpituitary PRL, both are under inhibi-
tory controls, reviewed in [10]. As detailed in Sect. 1.5.5., similar to the pituitary,
dopamine serves as a physiological inhibitor of adipocyte PRL [88].

Both preadipocytes and mature adipocytes express and release PRL [86]. PRL
release from freshly isolated preadipocytes was low and transiently increased dur-
ing early adipogenesis. PRL expression was stimulated by many agents that elevate
cAMP, including epinephrine, IBMX (3-isobutyl-1-methylxanthine), a phosphodi-
esterase inhibitor, isoproterenol, a B-adrenergic receptor agonist, PACAP (pituitary
adenylate cyclase activating peptide), and vasoactive intestinal peptide (VIP). To
identify the signaling pathways involved, preadipocytes were co-incubated with
ligands and inhibitors of PKA, PI3K or MEK. All inhibitors blocked isoproterenol-
stimulated PRL release, while the PKA inhibitor did not affect stimulation by PA-
CAP [86]. These data indicate that PRL production in preadipocytes is stimulated
by catecholamines and other cAMP activators via interacting signaling pathways.

1.5.4 LS14 Human Adipocyte Cell Line

Primary rodent adipocytes as well as 3T3-L1 and 3T3-F442A murine adipocyte cell
lines express the PRLR and can be used to study PRL actions, but they do not pro-
duce PRL. To elucidate the control of PRL production, human adipocytes must be
employed. Given the scarcity of human adipose tissue, the large variability among
specimens, and the short life span of primary adipocytes, we sought a source of
human adipocytes that meets the following criteria: immortality, inducible termi-
nal differentiation, PRL release, and PRL response. After obtaining a surgically re-
moved metastatic liposarcoma, we cloned a spontaneously immortalized adipocyte
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Fig. 1.6 Photograph of a lipid filled, fully differentiated LS14 human adipocyte. The various
adipose markers and receptors, determined by RT-PCR are shown on the /efi, while secreted adi-
pokines, enzyme activities and expression of receptor proteins are shown on the right side

cell line which was named LS14 [89]. This cell line has been in extensive use since
2005.

To characterize the adipogenic nature of LS14 cells, expression of multiple genes
was compared in LS14 and primary vis adipocytes before and after differentiation.
Expression of aP2, GLUT4, HSL, LPL, and angiotensinogen was similarly induced
during differentiation in both cell types. PPARy was robustly expressed, Pref-1 was
low, and UCP-1 was seen only in differentiated primary cells. Expression of adi-
ponectin and leptin was seen in both LS14 and primary cells after differentiation,
while IL-6 and TNFa were barely detected in differentiated LS14 cells. LS14 cells
also express visfatin, resistin, and FIAF. Of the f-adrenergic receptors, only B2 was
detected in LS14 cells, as well as insulin, estrogen (both ERa and ERf), and dopa-
mine receptors (Fig. 1.6).

The ability of LS14 cells to release of leptin, adiponectin, and IL-6 was con-
firmed by respective ELISAs. The release of FIAF was detected by Western blot-
ting, while MMP-2 activity was verified by zymography. The use of fluorimetric
enzyme assays confirmed that LS14 cells have functional lipid metabolizing en-
zymes. These complementary approaches validated the adipogenic nature of LS14
cells, established their resemblance, with few exceptions, to primary vis adipocytes,
and verified their capacity not only to express, but also to release, key adipokines.



20 N. Ben-Jonathan and E. Hugo

PRL release Days: 0
Adipo

Leptin

01357810
Differentiation (day) Primary LS14

Fig. 1.7 Left panel: induced differentiation of primary visceral preadipocytes into mature adi-
pocytes over a 10-day period. Middle panel: PRL release from LS4 cells during adipogenesis,
as determined by the Nb2 bioassay. Right panel: comparison of the expression of selected genes
before (day 0) and after (day 10) differentiation in primary visceral adipocytes and LS74 cells

Like primary adipocytes, LS14 cells produce PRL and respond to PRL via the
PRLR. PRL expression and release in both cell types increased markedly during
early adipogenesis and peaked on days 5-7, follows by a decline (Fig. 1.7). Incu-
bation of LS14 cells with exogenous PRL caused a dose-dependent inhibition of
IL-6 [89]. Unlike many cells immortalized by genetic manipulation which often
resist induced differentiation, LS14 cells undergo considerable morphological and
functional differentiation under the appropriate culture conditions. The availability
of LS14 cells opens up new avenues for research on human adipocyte biology, and
adds to the small repertoire of non-pituitary PRL-producing human cell lines.

1.5.5 Dopamine: A Physiological Inhibitor of Adipocyte PRL

The time-dependent increase in adipocyte PRL release [79] resembled the progres-
sive rise in PRL release from freshly incubated pituitary cells, which results from
the removal of tonic inhibition by hypothalamic dopamine [90]. Yet, dopamine was
initially ruled out as a putative inhibitor of adipocyte PRL because a ready source of
dopamine to the adipocytes was not apparent, and there was no information whether
dopamine receptors (DAR) are expressed in human adipose tissue. In addition, pre-
vious studies showed no effects of dopamine on PRL release from human decidual
explants [91]. This was interpreted as insensitivity of the superdistal PRL promoter
to dopamine rather than as a possible absence of DAR in this tissue. Dopamine
binds to five 7-transmembrane, G-protein-coupled receptors, named D1R-D5R.
DIR and D5R are classified by their ability to increase cAMP, while D2R, D3R, and
D4R inhibit cAMP. The inhibition of pituitary PRL by dopamine occurs through
activation of D2R [90].
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Unlike well-studied peripheral norepinephrine and epinephrine, the presence of
dopamine in the general circulation has been overlooked by most investigators.
The blood-brain barrier prevents transport of dopamine from the brain to the pe-
riphery, but small amounts of dopamine are produced by, and released from, the GI
tract, adrenal medulla, and sympathetic nerve endings [92]. Little known is the fact
that the major form of circulating dopamine in humans is the biologically inactive
dopamine sulfate (DA-S). Sulfoconjugation is done in the GI tract by SULT1A3
sulfotransferase which is not expressed in rodents [93]. Basal serum DA-S levels
at ~ 10 nM exceeds by fivefold the combined levels of free dopamine, norepineph-
rine, or epinephrine. DA-S has a half-life of 3—4 h, compared with few minutes
for unmodified dopamine [94]. Most importantly, unlike dopamine inactivation by
deamination, O-methylation or glucuronidation, sulfoconjugation is reversible, and
DA-S can be converted back to bioactive dopamine by arylsulfatase A (ARSA), a
releasable lysosomal enzyme [95].

While pursuing the inhibitor of adipocyte PRL, our major assumption was that
if human adipocytes express DAR and possess an active ARSA, circulating DA-S
could serve as a readily available reservoir of dopamine for the adipocytes. There-
fore, the objectives were to: (1) examine whether human adipocytes express DAR,
(2) determine whether they have an active ARSA, and (3) examine if dopamine and
DA-S affect adipose PRL expression and release [88]. A comprehensive approach
was undertaken which included multiple analytical approaches as well as comple-
mentary cellular models: adipose tissue explants, primary adipocytes and two hu-
man adipocyte cell lines: LS14 and SW872, another liposarcoma-derived cell line
from the ATCC.

Except for D3R, all other DAR are variably expressed at both the mRNA and
protein levels in adipose tissue and adipocytes [88]. Expression of DIR decreases,
while that of D2R increases during the first 3 days of adipogenesis. ARSA is ex-
pressed in adipocytes, and its enzymatic activity increases following adipogenesis.
Dopamine at low nM concentrations suppresses cAMP, stimulates cGMP, and acti-
vates MAPK in adipocytes. Acting via D2R, both dopamine and DA-S inhibit PRL
gene expression and release (Fig. 1.8). Dopamine shows a nonmonotonic dose-
dependent inhibition of PRL, suggesting that the effects of inhibitory D2R at low
dopamine doses is counteracted by stimulatory DAR at higher doses. The cAMP
and/or MAPK signaling appear to be involved in mediating dopamine actions in
adipocytes. Indeed, the superdistal PRL promoter has several cAMP responsive ele-
ments such as CREB and C/EBP, and two AP-1 sites which can respond to MAPK
activation [96]. These data established dopamine as a suppressor adipocyte PRL via
D2R through inhibition of cAMP and PKA. In addition to the suppression of adipo-
cyte PRL, dopamine inhibits leptin and stimulates adiponectin and IL-6 release by
binding to D1R and activating the cGMP/MAPK signaling (Fig. 1.8).
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Fig. 1.8 Sources of dopamine (DA) and activation of D/R and D2R in human adipocytes. DA
reaches the adipocytes from macrophages and nerve endings within adipose tissue. It is also
available as dopamine sulfate (DA-S) which can be converted to bioactive DA by arylsulfatase
A (ARSA). Acting via D2R and suppressing cAMP, DA inhibits PRL gene expression and release.
Acting via DR and activating both cGMP and/or MAPK, dopamine inhibits leptin and stimulates
adiponectin and IL-6 release

1.6 Metabolic Functions of PRL

1.6.1 Global Actions of PRL on Body Weight and Adiposity

Chronic elevation of PRL in rats is associated with increases in food intake but in-
consistent changes in body weight. Suppression of PRL results in the opposite out-
come, being most effective in lactating rats and least effective in males, reviewed
in [48]. Injections of PRL into the paraventricular nucleus increased food intake,
suggesting interaction with hypothalamic neurons that regulate appetite [48]. A
more recent study reported that chronic intracerebral infusion of PRL increased
food intake without altering body weight or estrous cyclicity [97]. The complex out-
come was explained by an induction of leptin resistance via activated central PRLR.
Many studies on PRL-leptin interactions took advantage of pregnant and lactating
rats which are hyperphagic in adaptation for increased metabolic demands by fetus-
es and suckling young [98, 99]. High levels of PRL (early pregnancy and lactation)
or placental lactogens (mid to late pregnancy) induced central leptin resistance by
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blocking its transport into the brain, and by reducing expression and signaling of its
receptor, thus facilitating increased food intake.

Early studies with mice generated conflicting data. For example, elevated serum
PRL, achieved by surgical or pharmacological manipulations, caused small increas-
es in body weight and food intake with a slight decline in fat mass in males, but not
females. A small decrease in retroperitoneal fat mass, but no change in body weight,
was seen in PRL-overexpressing female, reviewed in [48]. Only minor changes in
the overall metabolic phenotype were observed in our study with PRL-knockout
mice [100]. PRL-deficiency did not affect the rate of weight gain, body composi-
tion, serum lipids, or adiponectin levels in either sex on low fat (LF) or high fat
(HF) diets. Glucose tolerance was slightly impaired in very young PRL-knockout
males, but not in females. Leptin was elevated only in males on LF diet. A different
metabolic profile was seen in PRLR-knockout mice. The first report on a substan-
tial decrease in weight gain and abdominal fat mass in old mice [101], was not
confirmed in later studies with younger animals, attributing the weight loss in aging
PRLR-deficient mice to the development of pituitary tumors.

More recent studies utilizing transgenic mice with altered PRLR, have clarified
some of the above discrepancies. In one study, total PRLR deficiency was associ-
ated with resistance to HF-induced obesity due to enhanced energy expenditure and
increased metabolic rate; these were attributed to the induction of brown adipocytes
in several fat depots [102]. PRLR inactivation was associated with increased ex-
pression of genes that regulate brown adipocytes, suggesting that PRL suppresses
transdifferentiation of white adipocytes into metabolically active brown adipo-
cytes. Another study used mice that express only the long form of the PRLR [103].
These mice showed increased accumulation of visceral fat in older males without
a significant change in body weight. The increased epididymal fat was attributed
to suppression of leptin and diminished lipolysis. However, explanations for the
sex-dependent changes, as well as evidence for lack of production of short PRLR
isoforms were not provided.

In humans, sustained PRL elevation, caused by antipsychotic drugs [104] or pro-
lactinomas [105], leads to increased weight, which can be ameliorated by normal-
ization of serum PRL. Unexpectedly, the reduction in body weight in response to
bromocriptine was more effective in men than women [106]. However, weight loss
was not seen in all patients, was modest and delayed, and did not correlate well with
the rapid and marked suppression of serum PRL levels. At present, there is no strong
evidence that PRL at normal circulating levels is a major factor in human obesity.
This still leaves open the possibility that certain individuals are more responsive
to PRL due to variations in PRLR expression, presence of PRLR isoforms, and/or
altered PRL signaling. Polymorphism in a site adjacent to the PRL gene was associ-
ated with increased risk of obesity in men but not women [107], but the relevance
of this finding to the role of PRL in obesity is unclear.
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1.6.2 Mammary Gland Metabolism

PRL is expressed and released by both adipose and glandular compartments of the
normal human breast [78]. Recent evidence shows that activation of the PI3K/Akt
pathway in the mouse mammary epithelium induced expression of autocrine PRL
which is required for the initiation of lactation [6, 108]. In rats, PRL expression,
determined by RT-PCR and in situ hybridization, was seen in alveolar and ductal
epithelial cells in late pregnancy and throughout lactation [109]. PRLR expression
in the rat mammary gland is low during most of pregnancy, increases on day 21, just
before parturition, and continues to rise during lactation [110]. Both long and short
PRLR isoforms are detectable in ducts and alveoli of the lactating mouse mam-
mary gland, with some PRLR immunostaining seen near lipid droplets, suggesting
expression by adipocytes [111]. In the same study, a strong PRLR immunostaining
was seen in ductal epithelium of breast tissue from normal, nonpregnant, nonlactat-
ing women, and a lower staining in myoepithelial cells. Unfortunately, virtually
nothing is known about expression of PRL or PRLR in the human breast during
pregnancy or lactation.

Studies with rodents and ruminants were instrumental in developing the concept
that during lactation, PRL acts as a physiological sensor which responds to high
metabolic demands for milk production by partitioning nutrients away from adipose
tissue into the mammary gland [112]. In the lactating mammary gland, PRL affects
the synthesis of all milk constituents: proteins, lactose, and lipids. Here, we focus
on lipids only. Compared to adipose tissue, lipid metabolism in the nonlactating
mammary gland is negligible. However, at the onset of lactation, lipid production
is blunted in adipose tissue and increases manyfold in the mammary gland, which
produces TAGs from dietary fatty acids and de novo synthesis. The epithelial cells
sequester fatty acids from adjacent adipocytes for de-novo lipogenesis [58]. As de-
tailed in a previous review [48], PRL strongly enhances mammary lipid production
by affecting the activities of many lipid biosynthetic enzymes: lipoprotein lipase
(LPL), pyruvate dehydrogenase (PDH), acetyl-CoA carboxylase (ACC), and fatty
acid synthase (FAS).

Several issues that are relevant to PRL and the mammary gland should be con-
sidered. One is local PRL production in the lactating mammary gland in rodents [5,
6] and human breast [78]. It is unknown whether local PRL emulates circulating
PRL or fulfills distinct roles, because of selective phosphorylation, glycosylation,
or cleavage. Another issue is the presence of large amounts of heavily glycosylated
PRL in human milk [113]. Future studies should examine in more detail the syn-
thesis, bioactivity, and transport of PRL into milk. Notably, the developing human
fetus is exposed to very high levels of PRL from the amniotic fluid and the fetal pi-
tuitary, reviewed in [114], but the biological significance of high PRL availability to
the fetus remains elusive. Milk PRL may represent a continuum of PRL availability
to the newborn, who can absorb intact proteins through the GI tract for several days
after birth [115].
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1.6.3 Adipogenesis

Based on the belief that the PRLR is not expressed in adipose tissue, it was ini-
tially proposed that PRL does not directly regulate adipocyte functions [112]. As
reviewed previously [10, 48], this concept has been revised following the reports
that PRLR is expressed in both brown and white adipose tissue in all species ex-
amined. Expression of long and short PRLR isoforms increases manyfolds during
differentiation of rat epididymal preadipocytes [116]. In human breast preadipo-
cyte, PRLR shows an initial decrease, followed by an increase during adipogenesis
[86]. PRLR, but not GHR, was markedly induced following differentiation of 3T3-
L1 cells [117], which temporally coincided with a robust activation of StatSa and
5b [118]. PRL upregulates the expression of its receptor in epididymal adipocytes
[116], and increases StatSa and 5b activity in differentiated 3T3-L1 cells [117].

Fetal bovine serum, which contains large quantities of lactogenic hormones and
is required for efficient differentiation of 3T3-L1 cells, can be replaced by either
GH or PRL [119]. PRL enhances the expression of C/EBPB and PPARy, two key
transcription factors in adipogenesis. Furthermore, ectopic expression of the PRLR
in NIH-3T3 cells increases the efficacy of adipocyte conversion when stimulated
with PRL and a PPARy ligand [120]. Studies with PRLR-deficient mice are also
supportive. Receptor deficiency results in reduced size of fat depots, which was due
to a lower adipocyte number rather than to a change in their volume [121]. PRL also
plays a role in the differentiation, or transdifferentiation, of brown adipocytes [122].

Stat5 appears to be particularly critical for adipogenesis. Stat5 activation in-
creases early in adipogenesis, and induces both the expression and activation of
PPARYy, while targeting multiple genes that are associated with lipid and glucose
metabolism as well as insulin signaling in mature adipocytes [123]. It is difficult,
however, to assign a commanding role for PRL in Stat5 activation because it is
equally induced by GH.

1.6.4 Lipid Metabolism and Adipokine Release

There is only sparse and inconsistent information on the involvement of PRL in
lipid metabolism in adipose tissue under nonlactating conditions. Various rodent
models with altered PRL/PRLR provide indirect, and often weak, support to this
effect [60, 100, 103]. Studies with human subjects with hyperprolactinemia have
not produced compelling evidence either. As illustrated in Fig. 1.9, PRL suppressed
lipogenesis by inhibiting LPL activity [124], reducing GLUT4 expression, and low-
ering malonyl-CoA concentrations [125]. In fully differentiated 3T3-L1 adipocytes,
PRL downregulated FAS expression [126].

A confounding problem in many in vitro studies is the use of supraphysiologi-
cal doses of PRL. For example, PRL inhibited lipolysis in rat epididymal adi-
pose explants in a dose-dependent manner within a narrow physiological range,
while a higher dose of PRL resulted in a nonmonotonic curve [100]. Loss of linear



26 N. Ben-Jonathan and E. Hugo

Glucose

Malon y| CoA‘/

Fig. 1.9 Overall actions of PRL on lipid metabolism and adipokine release from adipose tissue.
PRL inhibits lipid synthesis by suppressing Glut4, lipoprotein lipase (LPL), and fatty acid synthase
(FAS), but it also inhibits lipolysis and the release of free fatty acids (#F4). Both adiponectin and
1L-6 are inhibited by PRL while both stimulatory and inhibitory effects of PRL on leptin have been
reported

dose—response relationships at high doses has been observed in some PRL target
tissues and can lead to erroneous interpretation if only a single high dose is used. At
high concentrations, PRL can downregulate the receptor, hinders receptor dimeriza-
tion, activates dominant negative short receptors, or induces SOCS.

Direct effects of PRL on lipolysis vary among species, showing inhibition of
isoproterenol-stimulated lipolysis in rat and human adipose tissues, but having no
effects on lipolysis in mouse adipose explants [100, 116]. The anti-lipolytic effect
of PRL in rat epididymal adipose explants takes several hours, suggesting transcrip-
tional regulation rather than altered cAMP levels or phosphorylation of HSL and/or
perilipin, as is the case with catecholamines and insulin.

Data on the effects of PRL on adipokines vary with the species and the experi-
mental model, i.e., whether conducted in vivo or in vitro, representing indirect vs.
direct effects, respectively. Such considerations are well illustrated by the variable
data on the effects of PRL on leptin (Fig. 1.9). For example, serum leptin levels are
lower in PRLR-deficient mice [101, 103], and are elevated in PRL-overexpressing
mice [127]. However, an inhibitory effect of PRL is suggested by higher serum
leptin levels in male PRL-knockout mice [100]. In rats, elevated serum PRL lev-
els, achieved by pituitary grafts or PRL injections, increased serum leptin levels
[128], while hyperprolactinemic patients had higher [129] or unchanged [130]
serum leptin.
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Data on leptin, based on in vitro studies are either inconsistent or have inherent
limitations. PRL inhibits insulin-stimulated leptin release in mouse white adipocytes
[127], but potentiates the effect of insulin in brown adipocytes [131]. Incubation of
rat adipose tissue explants with PRL caused dose-dependent inhibition of leptin re-
lease [116]. Unfortunately, leptin expression in 3T3-L1 cells is severely downregu-
lated, while the presence of autocrine PRL in human adipocytes confounds studies
on its effect on leptin release. Presently, it is difficult to reach a clear conclusion to
what extent PRL contributes to the control of leptin release.

Adiponectin is also affected by PRL. An inhibitory effect of PRL on adiponectin
release is supported by the reduced serum adiponectin levels in both PRL transgenic
and PRL-treated mice [132, 133]. PRL, however, is unlikely a major regulator of
adiponectin in mice since deficiencies in either PRLR [133] or PRL [100] have no
effect on serum adiponectin levels. Studies with human adipose tissue explants and
isolated mature adipocytes show direct inhibitory effect of PRL on adiponectin re-
lease [133, 134]. However, a similar inhibitory relationship has not been observed
in hyperprolactinemia patients.

1.7 Conclusions and Future Directions

PRL should be recognized as a metabolic hormone whose actions are not confined
to the lactating mammary gland. Globally, excess PRL correlates with changes in
food intake and body weight in some species, with marginal effects on fat deposi-
tion. Emerging data suggest that PRL plays a role in whole body insulin sensitivity
through its stimulatory effect on insulin release and regulation of adipokine release.
The recent finding of lower PRL release from human sc adipose tissue in obese
vs. lean individuals suggests that adipose PRL may be involved in obesity-related
complications, and should be further explored (Fig. 1.10).

After being overlooked for a long time, the metabolic aspects of PRL have re-
cently come into focus, in tune with the growing interest in obesity and diabetes.
The rat may be a better model than the mouse for analyzing some metabolic aspects
of PRL in live animals. On the other hand, the large repertoire of murine and human
primary adipocytes and cell lines that express the PRLR provide an excellent oppor-
tunity to study interactions between PRL and metabolic hormones such as insulin,
glucocorticoids, and catecholamines which affect adipogenesis, glucose, and lipid
metabolism. Comparisons should also be made between the actions of PRL and GH,
its sister molecule.

Being an emerging field with little fundamental knowledge, there are multiple
challenges for future research. These include examination of PRL action on insulin
release and B-cell functions in males and nonpregnant females, and explorations
of PRL effects on the liver, a key organ in metabolic homeostasis which expresses
high levels of the PRLR. Another issue of great interest is whether PRL is involved
in human obesity and insulin resistance via its capacity to alter the production and
release of adipokines, such as leptin and adiponectin.
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Fig. 1.10 The overall metabolic actions of PRL. PRL can reach target organs through the blood
from the pituitary or through local production in adipose tissue and breast adipocytes

To better establish whether PRL plays a role in lipid metabolism more compre-
hensive and methodological studies are urgently needed. Notably, available data
reveal that PRL affects adipocyte functions in males, indicating that its impact on
metabolic homeostasis is broader than previously appreciated. Although the PRLR
is highly expressed in the liver, surprisingly little work has focused on potential
actions of PRL in this tissue, which is so central to metabolic homeostasis. Given
that PRL regulates enzymes and transporters associated with glucose and lipid me-
tabolism in other target organs, future studies should examine its direct effects on
hepatic tissue.
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