An additional exception to the unbound hormone hypothesis
involves megalin, a member of the low-density lipoprotein (LDL)
receptor family that serves as an endocytotic receptor for carrierbound vitamins A and D and SHBG-bound androgens and estrogens.
After internalization, the carrier proteins are degraded in lysosomes
and release their bound ligands within the cells. Membrane transporters have also been identified for thyroid hormones.
Hormone degradation can be an important mechanism for regulating concentrations locally. As noted above, 11β-hydroxysteroid dehydrogenase inactivates glucocorticoids in renal tubular cells, preventing
actions through the mineralocorticoid receptor. Thyroid hormone
deiodinases convert T4 to T3 and can inactivate T3. During development,
degradation of retinoic acid by Cyp26b1 prevents primordial germ cells
in the male from entering meiosis, as occurs in the female ovary.

MEMBRANE RECEPTORS
Membrane receptors for hormones can be divided into several major
groups: (1) seven transmembrane GPCRs, (2) tyrosine kinase receptors,
(3) cytokine receptors, and (4) serine kinase receptors (Fig. 400e-1).
The seven transmembrane GPCR family binds a remarkable array of
hormones, including large proteins (e.g., LH, PTH), small peptides
(e.g., TRH, somatostatin), catecholamines (epinephrine, dopamine),
and even minerals (e.g., calcium). The extracellular domains of GPCRs
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Figure 400e-1 Membrane receptor signaling. MAPK, mitogen-activated protein kinase; PKA, C, protein kinase A, C; TGF, transforming growth
factor. For other abbreviations, see text.
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HORMONE ACTION THROUGH RECEPTORS
Receptors for hormones are divided into two major classes: membrane
and nuclear. Membrane receptors primarily bind peptide hormones
and catecholamines. Nuclear receptors bind small molecules that can
diffuse across the cell membrane, such as steroids and vitamin D.
Certain general principles apply to hormone-receptor interactions
regardless of the class of receptor. Hormones bind to receptors with
specificity and an affinity that generally coincides with the dynamic
range of circulating hormone concentrations. Low concentrations of
free hormone (usually 10−12 to 10−9 M) rapidly associate and dissociate
from receptors in a bimolecular reaction such that the occupancy of
the receptor at any given moment is a function of hormone concentration and the receptor’s affinity for the hormone. Receptor numbers
vary greatly in different target tissues, providing one of the major
determinants of specific tissue responses to circulating hormones. For
example, ACTH receptors are located almost exclusively in the adrenal
cortex, and FSH receptors are found predominantly in the gonads. In
contrast, insulin and TRs are widely distributed, reflecting the need for
metabolic responses in all tissues.

vary widely in size and are the major binding site for large hormones.
The transmembrane-spanning regions are composed of hydrophobic
α-helical domains that traverse the lipid bilayer. Like some channels,
these domains are thought to circularize and form a hydrophobic
pocket into which certain small ligands fit. Hormone binding induces
conformational changes in these domains, transducing structural
changes to the intracellular domain, which is a docking site for
G proteins.
The large family of G proteins, so named because they bind guanine
nucleotides (guanosine triphosphate [GTP], guanosine diphosphate
[GDP]), provides great diversity for coupling receptors to different
signaling pathways. G proteins form a heterotrimeric complex that is
composed of various α and βγ subunits. The α subunit contains the
guanine nucleotide–binding site and hydrolyzes GTP → GDP. The
βγ subunits are tightly associated and modulate the activity of the α
subunit as well as mediating their own effector signaling pathways.
G protein activity is regulated by a cycle that involves GTP hydrolysis
and dynamic interactions between the α and αβ subunits. Hormone
binding to the receptor induces GDP dissociation, allowing Gα to bind
GTP and dissociate from the αβ complex. Under these conditions,
the Gα subunit is activated and mediates signal transduction through
various enzymes, such as adenylate cyclase and phospholipase C.
GTP hydrolysis to GDP allows reassociation with the βγ subunits and
restores the inactive state. As described below, a variety of endocrinopathies result from G protein mutations or from mutations in receptors
that modify their interactions with G proteins. G proteins interact with
other cellular proteins, including kinases, channels, G protein–coupled
receptor kinases (GRKs), and arrestins, that mediate signaling as well
as receptor desensitization and recycling.
The tyrosine kinase receptors transduce signals for insulin and a
variety of growth factors, such as IGF-I, epidermal growth factor
(EGF), nerve growth factor, platelet-derived growth factor, and fibroblast growth factor. The cysteine-rich extracellular ligand-binding
domains contain growth factor binding sites. After ligand binding,
this class of receptors undergoes autophosphorylation, inducing
interactions with intracellular adaptor proteins such as Shc and
insulin receptor substrates (IRS). In the case of the insulin receptor,
multiple kinases are activated, including the Raf-Ras-MAPK and the
Akt/protein kinase B pathways. The tyrosine kinase receptors play a
prominent role in cell growth and differentiation as well as in intermediary metabolism.
The GH and PRL receptors belong to the cytokine receptor family.
Analogous to the tyrosine kinase receptors, ligand binding induces

