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20White adipose tissue serves as a critical energy storage depot and endocrine organ. Adipocytes are subject to
21numerous levels of regulation, including neuronal, endocrine and metabolic. While insulin is the classical en-
22docrine regulator of lipid metabolism in adipose tissue, other important endocrine hormones also control
23adipose tissue physiology. In this review, we will focus on the contribution of the pituitary in the modulation
24of adipocyte function, through the direct release of growth hormone as well as via the regulation of the thy-
25roid gland and release of thyroid hormone. This article is part of a Special Issue entitled: Modulation of Adi-
26pose Tissue in Health and Disease.
27© 2013 Published by Elsevier B.V.
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32 1.Q3 Introduction

33 White adipose tissue (WAT) is the largest energy reserve in the
34 human body, and also plays a critical role as an endocrine organ in
35 healthy and diseased states. Not surprisingly, there exists a complex
36 network of communication between WAT and the brain, including
37 sympathetic innervation of fat pads as well as adipocyte-derived sig-
38 nals such as leptin that directly signals in the neuronal cells. In this re-
39 view, we will focus on the control of WAT physiology by signals
40 emanating from the pituitary gland, specifically in the regulation of
41 the hypothalamic/pituitary/thyroid axis as well as through the re-
42 lease of growth hormone into the systemic circulation.
43 The pituitary gland is considered the master endocrine gland due
44 to its regulation of numerous physiological processes. The posterior
45 pituitary is comprised of neuronal projections from the supraoptic
46 and paraventricular nuclei in the hypothalamus, which release oxyto-
47 cin and vasopressin into the general circulation. Oxytocin plays a crit-
48 ical role during child birth, while vasopressin acts on the kidney to
49 regulate water retention and thus blood volume/pressure and elec-
50 trolyte levels. In contrast, the anterior pituitary is a collection of endo-
51 crine cell types which are regulated by hypothalamic factors traveling
52 through the hypophyseal portal vessel. The five principal cell types of
53 the anterior pituitary are the corticotrophs, gonadotrophs, thyrotrophs,
54 lactotrophs and somatotrophs. Thefirst three cell types form the classical
55 hypothalamic–pituitary–adrenal, –gonadal and –thyroid axes, respec-
56 tively. Lactotrophs release prolactin while the somatotrophs produce

57growth hormone. Other reviews in this issue are covering the effects of
58glucocorticoids and sex hormones on WAT function, so this review will
59focus on the roles of the thyrotrophs and somatotrophs in the control
60of thyroid hormone or growth hormone, and the effects of these two en-
61docrine hormones on gene expression and metabolism in WAT.

622. Thyroid hormone

63Thyroid hormone exerts dramatic effects on all major metabolic
64tissues, including adipose tissue, liver, and muscle. The thyroid
65gland is located in the neck on either side of the esophagus with the
66two lobes connected by the isthmus. Thyroid hormone production
67and release are controlled by a classical hypothalamic–pituitary axis
68(Fig. 1). The hypothalamus releases thyrotropin-releasing hormone
69(TRH), which stimulates the thyrotroph cells in the anterior pituitary
70to synthesize and release thyroid stimulating hormone (TSH; also
71called thyrotropin) into the general circulation. Binding of TSH to its
72G-protein coupled receptor on thyroid follicular cells exerts pleiotro-
73pic effects resulting in the enhanced synthesis and secretion of thy-
74roid hormone. As with other hypothalamic/pituitary endocrine axes,
75the end product thyroid hormone feeds back to decrease TRH and
76TSH production.
77Although the predominant form of thyroid hormone secreted by
78the thyroid gland is levothyroxine (T4), the active form that binds
79the thyroid hormone receptor (TR) is triiodothyronine (T3). The
80conversion of T4 to T3 occurs via deiodinases, enzymes that are
81expressed in liver, kidney, and other cells such as adipocytes [1].
82Two of the deiodinase enzymes, Type 1 (or D1) and Type 2 (or D2)
83deiodinases, remove an iodine from T4 to generate the active form
84of thyroid hormone, T3. In contrast, Type 3 deiodinase (or D3)
85removes a different iodine from T4 to generate an inactive form of
86thyroid hormone, reverse T3 (rT3).
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87 The TR is a nuclear transcription factor that binds DNA sequences
88 termed thyroid hormone response elements and recruits other nucle-
89 ar factors to mediate activation or repression of gene transcription
90 depending on the underlying hormonal milieu and target DNA se-
91 quence [2]. In particular, on genes stimulated by thyroid hormone,
92 the TR recruits corepressors such as NCoR and SMRT in the absence
93 of T3. NCoR and SMRT in turn recruit a repression complex, including
94 in particular HDAC3, with histone deacetylase activity. Deacetylation
95 of lysine residues on histones renders chromatin in a transcriptionally
96 inactive state. The binding of T3 to the ligand-binding domain of the
97 TR results in a conformational change in the receptor, the release of
98 the corepressor complex, and the recruitment instead of numerous
99 coactivators. Coactivators have many functions; for example, some
100 coactivators acetylate lysine residues of histone, whereas others link
101 the TR complex with the basal transcriptional machinery. The net re-
102 sult of these various processes is to increase transcription of target
103 genes. There are actually multiple TR isoforms encoded by two sepa-
104 rate genes (TRα and TRβ). These TR isoforms exhibit tissue-specific
105 distribution patterns, and TRα1 may be particularly important for ad-
106 renergic signaling in adipose tissue [2], but TRβ1 may play an impor-
107 tant role in UCP 1 expression in BAT [3].
108 Thyroid hormone plays a crucial role in brain development in the
109 developing fetus, growth in children and regulates numerous pro-
110 cesses in the adult body, including basal metabolic rate, energy
111 expenditure, and thermogenesis. Thyroid hormone also regulates
112 organ physiology such as heart rate and contractile function. Clinical-
113 ly, patients with hypothyroidism (i.e., an underactive thyroid gland)
114 often note weight gain and increased fat mass, though the effect actu-
115 ally remains somewhat controversial [4]. It is clear, though, that thy-
116 roid hormone is one of the major endocrine mediators of the basal
117 metabolic rate [5]. In brown adipose tissue (BAT), thyroid hormone
118 is a regulator of UCP1 expression, and via this mechanism thyroid
119 hormone regulates adaptive thermogenesis [6]. Here we will focus
120 primarily on the effects of thyroid hormone on white adipose tissue
121 (WAT) differentiation and function.

1222.1. Thyroid hormone and adipogenesis

123Adipocyte differentiation, or adipogenesis, proceeds by an orderly
124series of events and depends on the expression of key transcription
125factors such as C/EBP isoforms and PPARγ [7]. Initially, proliferation
126of adipocyte precursors occurs, whereas differentiation into lipid-
127laden adipocytes occurs after this round of proliferation takes place.
128Thyroid hormone leads to distinct effects depending on the particular
129stage of this process [8]. Initially, thyroid hormone suppresses prolif-
130eration of the adipocyte precursors [9]. Interestingly, there is also ev-
131idence that Type 3 deiodinase activity increases during this phase as
132well [10], suggesting that local down-regulation of T3 levels may be
133important to allow the proliferative stage of adipogenesis to proceed.
134In contrast, thyroid hormone has different effects during the later
135stages of adipogenesis. Carmona et al. showed that C/EBPα, a major
136transcriptional regulator of adipogenesis, influences thyroid hormone
137action in BAT in multiple ways. For example, deiodinase activity was
138decreased in BAT of C/EBPα knock-out mice, which resulted in signif-
139icantly lower T3 content [11]. To more directly study the effects of TRs
140on adipogenesis, Mishra et al. generated 3 T3-L1 cell line variants ex-
141pressing mutant thyroid hormone receptors that exhibit impaired
142thyroid hormone signaling [12]. Interestingly 3 T3-L1 adipogenesis
143was decreased in these cell lines. In addition, this group was able to
144clarify TR isoform requirements by generating TR isoform-specific
145mutations. Through this process, they showed that the TRα1 isoform
146was particularly important for adipogenesis. Interestingly, PPARγ and
147C/EBPα expression was decreased in the mutant cell lines, and TR was
148recruited to the C/EBPα promoter [12]. Other studies suggest that the
149mutant TRα1 could interfere with PPARγ transcriptional activity [13]
150and in general there may be additional pathways of cross-talk be-
151tween TRs and PPARs [14]. To assess the role of TRs on adipogenesis
152in vivo, Ying et al. created a mouse expressing a mutant TRα1 [13].
153As might be expected from the in vitro data above, these mice had a
154lean phenotype due to decreased WAT mass [13]. In contrast, mice
155expressing a mutant TRβ receptor had normal WAT mass, though
156there was excess lipid in the liver of these mice [3]. Thus, thyroid hor-
157mone is an important regulator of adipogenesis, and its actions are
158specifically dependent on the TRα1 isoform, though TRβ1 plays im-
159portant roles in other metabolic tissues.

1602.2. Thyroid hormone modulation of lipogenesis and lipolysis

161The adipocyte stores energy in times of caloric excess through the
162process of lipogenesis, whereas adipocyte triglyceride is broken down
163to glycerol and free fatty acids (lipolysis) during periods of fasting.
164Counter-intuitively, thyroid hormone enhances both of these pro-
165cesses. Although the exact mechanism by which thyroid hormone
166stimulates lipolysis is not fully understood, it has been known
167for many years that thyroid hormone enhances catecholamine-
168mediated lipolysis in both isolated adipocytes [15] and patients with
169clinical hyperthyroidism [16]. Hyperthyroidism increases β-2 adren-
170ergic receptor number and appears to increase signaling at the
171post-receptor level as well [16]. The specific mechanisms by which
172thyroid hormone regulates adrenergic receptor function at a post-
173receptor level, though, have been controversial. Most likely, thyroid
174hormone acts at many levels of the adrenergic signaling pathway
175[17], including cAMP formation, alteration in G-protein subunit
176expression, and through decreasing phosphodiesterase activity [18].
177Thyroid hormone also regulates the sympathetic nervous system
178centrally, but in this case excess thyroid hormone decreases central
179sympathetic outflow [17]. Q4Thus, most of the clinical effects of
180hyperthyroidism mediated by the sympathetic nervous system
181do not depend on central regulation of sympathetic outflow, but in-
182stead appear as result from altered responses to catecholamine
183peripherally.

Fig. 1. Map of endocrine signaling mechanisms employed by the hypothalamic–pituitary
axis in the control of thyroid hormone (TH) and growth hormone (GH) secretion.
TH: Thyrotropin-releasing hormone (TRH) is secreted by cells in the arcuate nucleus of
the hypothalamus into the hypophyseal portal system where it stimulates thyrotrophs
in the anterior pituitary to release thyroid stimulating hormone (TSH) into the broader
circulation. Once in circulation, TSH binds to TSH receptors in the thyroid to activate pro-
duction of T4 and, to a lesser extent, T3 and their subsequent secretions into circulation. T4
is converted to T3 via deiodinases peripherally. Centrally, deiodinases in the hypothala-
mus and pituitary also convert T4 to T3, providing local feedback inhibition of the TRH
and TSH release. GH: Growth hormone releasing hormone (GHRH) is secreted by the ar-
cuate nucleus into the hypophyseal portal systemwhere it stimulates somatotrophs in the
anterior pituitary to release GH into the circulation. GHRH secretion can be increased by
ghrelin, originating from endocrine cells of the gut. Hypothalamic release of somatostatin
(SRIF) via the hypophyseal portal system inhibits GH secretion at the pituitary.
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