








PREFACE

This 4" edition, Endocrine and Reproductive Physiol- This edition has been reorganized in that the life

ogy has been updated and, to some extent, reorgahistory of the reproductive systems has been allocated

nized. The most substantive changeCisapter 3. In  its own chapter. This brings together embryonic/fetal

fact, Chapter 3grew to an untenable length for this development of the male and female reproductive sys-

monograph. Neverthelestheworldwide type 2 diabe- tems, the changes that occur at puberty in boys and

tes epidemic emphasizes the need for comprehensivgrls, and the decline of reproductive function with

understanding of the role of hormones in regulating age (especially in women).

energy metabolism. To retain background informa-  |wish to thank my two colleagues at UConn Health

tion, we placed a significant amount Ghapter 3na-  Center, Drs. John Harrison and Lisa Mehlmann, who

terial online in Studat Consult. We think it provides  wrote significant parts o€hapters 4and 11, respec-

an adequate background for the student to understandively. | alsowant to thank Rebecca Persky (UConn

the important points of hormonal regulation of energy School of Medicine, Class of 2014), who read several

metabolism. chapters and whose comments/suggestions led to sig-
Also in this 4" edition, Key Words and Concepts nificant improvement of those chapters.

has been moved to Student Consult, along with Ab- | also want to thank Elyse O’'Grady and Barbara

breviations and Symbols, and Suggested Reading€icalese at Elsevier for their patience and assistance

The student is encouraged to define the key wordsjn developing the % Edition.

stating their importance, function, and interactive

molecules, using the text as reference when necessary. Bruce A. White
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INTRODUCTION TO THE
ENDOCRINE SYSTEM

OBJECTIVES

1. Identify the chemical nature of the major hormones. 3. Explain the significance of hormone binding to plasma
2. Describe how the chemical nature influences hormone ~ Proteins.
synthesis, storage, secretion, transport, clearance, 4. Describe the major signal transduction pathways, and
mechanism of action, and appropriate route of exoge- their mechanism for termination, for different classes
nous hormone administration. of hormones and provide a specific example of each.

ndocrine glandssecrete chemical messengers, The endocrine system also encompasses a range of
called hormones (Table 1-), into the extracellular specificenzymes, either cell associated or circulating,
fluid. Secreted hormones gain access to the circulatiorthat perform the function ofperipheral conversion
often via fenestrated capillaries, and regulaeet  of hormonal precursors(seeTable 1-). For example,
organsthroughout the body. The endocrine system is angiotensinogen from the liver is converted in the cir-
composed of theituitary gland, the thyroid gland, culation to angiotensin | by the renal-derived enzyme
parathyroid glands and adrenal glands(Fig. 1-J. renin, followed by conversion to the active hormone
The endocrine system also includes ¢tivary andtes-  angiotensin Il by the transmembrane ectoenzyme an-
tis, which carry out a gametogenic function that is ab- giotensin I-converting enzyme (ACE) that is enriched
solutely dependent on their endogenous endocrinein the endothelia of the lungs (s&hapter 7). Another
function. In addition to dedicated endocrine glands, exampleof peripheral conversion of a precursor to an
endocrine cells reside as a minor component (in termsactive hormone involves the two sequential hydroxyl-
of mass) in other organs, either as groups of cells (thations of vitamin D in hepatocytes and renal tubular
islets of Langerhansn the pancreas) or as individual cells.
cells spread throughout several glands, including the Numerous extracellular messengers, including pros-
gastrointestinal (Gl) tract, kidney, heart, adipose taglandins, growth factors, neurotransmitters, and cyto-
tissue andliver. In addition there are several types of kines, also regulate cellular function. However, these
hypothalamic neuroendocrine neuronsthat pro- messengers act predominantly within the context of a
duce hormones. Theplacentaserves as a transitory ex- microenvironment in an autocrine or paracrine manner,
change organ, but also functions as an importantand thus are discussed only to a limited extent where
endocrine structure of pregnancy. needed.
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Hormones Synthesized and Secreted by Dedicated Endocrine Glands

Pituitary Gland
Growth hormone (GH)
Prolactin
Adrenocorticotropic hormone (ACTH)
Thyroid-stimulating hormone (TSH)
Follicle-stimulating hormone (FSH)
Luteinizing hormone (LH)

Thyroid Gland
Tetraiodothyronine (T; thyroxine)
Triiodothyronine (Tz)
Calcitonin
Parathyroid Glands
Parathyroid hormone (PTH)
Islets of Langerhans (Endocrine Pancreas)
Insulin
Glucagon
Somatostatin
Adrenal Gland
Epinephrine
Norepinephrine
Cortisol
Aldosterone
Dehydroepiandrosterone sulfate (DHEAS)
Hormones Synthesized by Gonads
Ovaries
Estradiol-1h
Progesterone
Inhibin
Testes
Testosterone
Antimulerian hormone (AMH)
Inhibin
Hormones Synthesized in Organs with a Primary Function
Other Than Endocrine
Brain (Hypothalamus)
Antidiuretic hormone (ADH; vasopressin)
Oxytocin
Corticotropin-releasing hormone (CRH)
Thyrotropin-releasing hormone
Gonadotropin-releasing hormone (GnRH)

Growth hormone-releasing hormone (GHRH)
Somatostatin
Dopamine
Brain (Pineal Gland)
Melatonin
Heart
Atrial natriuretic peptide (ANP)
Kidney
Erythropoietin
Adipose Tissue
Leptin
Adiponectin
Stomach
Gastrin
Somatostatin
Ghrelin
Intestines
Secretin
Cholecystokinin
Glucagon-like peptide-1 (GLP-1)
Glucagon-like peptide-2 (GLP-2)
Glucose-dependent insulinotropic peptide (GIP; gastrin inhibitory
peptide)
Motilin
Liver
Insulin-like growth factor-1 (IGF-I)
Hormones Produced to a Significant Degree by Peripheral
Conversion
Lungs
Angiotensin |l
Kidney
1a,25-dihydroxyvitamin D
Adipose, Mammary Glands, Other Organs
Estradiol-1D
Liver, Sebaceous Gland, Other Organs
Testosterone
Genital Skin, Prostate, Other Organs
5-Dihydrotestosterone (DHT)
Many Organs
T3
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Hypothalamus
Pituitary gland
Thyroid gland

Parathyroid glands
FIGURE 1-1n Major glands of the
endocrine system(From Koeppen BM,
Stanton BA, editorBerne and Levy

Adrenal glands

Pancreas Physiology6th ed., Philadelphia, 2010,
Ovaries Mosby.)
Testes

To function, hormones must bind to specifiecep-  rhythms), seasonal cycles, the environment, stress, in-
tors expressed by specifarget cell typeswithin target ~ flammation, and other influences.
organs Hormones are also referred toleggands in the The material in this chapter covers generalizations
context of ligand receptor binding, and agonistsin ~ common to all hormones or to specific groups of hor-
that their binding to the receptor is transduced into a mones. The chemical nature of the hormones and their
cellular response. Receptantagoniststypically bind  mechanisms of action are discussed. This presentation
to a receptor and lock it in an inactive state, unable providesthe generalized information necessary to catego-
to induce a cellular response. Loss or inactivation of aize the hormones andto make predictions aboutthe most
receptor leads tdhormonal resistance Constitutive  likely characteristics of a given hormone. Some of the
activation of a receptor leads to unregulated, hormone- exceptions to these generalizations are discussed later.
independent activation of cellular processes.

The widespread delivery of hormones in the blood
makes the endocrine system ideal for the functionalC'HEMLCAL‘NAmRE‘QEHQRMQNES_
coordination of multiple organs and cell types in the Hormones are classified biochemically @steins/
following contexts: peptides, catecholamines, steroid hormonesind
iodothyronines. The chemical nature of a hormone

1. Allowing normal development and growth of the determines the following:

organism
2. Maintaining internal homeostasis 1. How it is synthesized, stored, and released
3. Regulating the onset of reproductive maturity at 2. How it is carried in the blood
puberty and the function of the reproductive 3. Its biologic half-life (t,,) and mode of clearance
system in the adult 4. Its cellular mechanism of action

In the adult, endocrine organs produce and secrete ) )
their hormones in response fieedback control sys-  Proteins/Peptides
tems that are tuned toset-points or set ranges, of The protein and peptide hormonescan be grouped
the levels of circulating hormones. These set-pointsnto structurally related molecules that are encoded
are genetically determined but may be altered byby gene familiesBox 1-J). Protein/peptide hormones
age, circadian rhythms (24-hour cycles or diurnal gain their specificity from their primary amino acid
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into a membrane-bound secretory vesicle that buds off
into the cytoplasm. Posttranslational modification oc-
curs in the endoplasmic reticulum, Golgi apparatus,
and secretory vesicle.

The original gene transcript is called eithgrahor-
mone or a preprohormone (Fig. 1-3. Removing the
signal peptide produces either a hormone or a prohor-
mone. Aprohormoneis a polypeptide that requires fur-
ther cleavage before the mature hormone is produced.
Often this final cleavage occurs while the prohormone
is within the Golgi apparatus or the secretory vesicle.
Sometimes prohormones contain the sequence of
multiple hormones. For example, the protein, pro-
opiomelanocortin (POMC), contains the amino acid
sequences of adrenocorticotropic hormone (ACTH)
sequence, which confers specific higher-order strucand a-melanocyte-stimulating hormonea(SH).
tures, and from posttranslational modifications, such However, the pituitary corticotrope produces ACTH
as glycosylation. only, whereas keratinocytes and specific hypotha-

Protein/peptide hormones are synthesized onlamic neurons producaMSH, but not ACTH. The
the polyribosome as larggareprohormonesor pre-  ability of cells to process the same prohormone in-
hormones (remove). The nascent peptides have atto different peptides is due to cell type expression
their N terminus a group of 15 to 30 amino acids called of prohormone (also called proproteinfonvertases
the signal peptide which directs the growing poly- resulting in cell-specific processing of the prohormone.
peptide through the endoplasmic reticular membrane  Protein/peptide hormones are stored in the gland
into the cisternae. The signal peptide is enzymaticallyas membrane-boundsecretory vesiclesand are re-
removed, and the protein is then transported from the leased by exocytosis through tregulated secretory
cisternae to the Golgi apparatus, where it is package@athway This means that hormones are not continually

Pre-growth hormone
Signal peptidase
\

Growth hormone

A
FIGURE 1-2n Prehormone and preprohor- Prepro-opiomelanocortin
mone processing. . .
P 9 Signal peptidase
A\
Pro-opiomelanocortin
Pituitary specific
y Pprohormone convertases
I < ¢ I

ACTH
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secreted, but rather that they are secreted in response CH,CHCOOH
to a stimulus, through a mechanism aftimulus-
secretion coupling Exocytosis involves the coupling
of transmembrane Snare proteins that reside in the
secretory vesicular membrang-$nares) and in the
cell membrane térget or T-Snares Regulated
exocytosis is induced by an elevationimtfacellular HO
CaP along with activation of other components HO
(e.g., small G proteins), which interact with Snares OH
and Snare-associated proteins (e.g., &°cainding
protein called synaptotagmin). This ultimately leads to
the fusion of the secretory vesicular membrane with
the cell membrane and exocytosis of the vesicular

HO NH,

Tyrosine

CHCH,NH,

Norepinephrine

HO CHCH,NHCH,
contents. HO

Protein/peptide hormones are soluble in aqueous OH
solvents and, with the notable exceptions of the ) )
insulin-like growth factors (IGFs) and growth hor- Epinephrine

mone (GH), circulate in the blood predominantly FIGURE 1-3 n Structure of the catecholamines,

in an unbound form; therefore, they tend to have norepinephrine and epinephrine, and their precursor,

short biologic half-lives (4,). Protein hormones tyrosine.

are removed by endocytosis and lysosomal turnover

of hormone receptor complexes (see later). Many . o -

protein hormones are small enough to appear in sgcretory p.athway. Epinephrine is hydrophilic and

the urine in a physiologically active form. For exam- circulates either unbound or loosely bound to albu-

ple, follicle-stimulating hormone (FSH) and luteiniz- Min- Epinephrine and norepinephrine are similar to

ing hormone (LH) are present in urine. Pregnancy protein/peptide hormones in that they signal through

tests using human urine are based on the presenc@embrane receptors, calleddrenergic receptors.

of the placental LH-like hormone, human chorionic Catecholamines have short biologic half-lives (a few

gonadotropin (hCG). minuf[es) and are in_activated by intracellular enzymes.
Proteins/peptides are readily digested if adminis-Inactivated forms diffuse out of cells and are excreted

tered orally. Hence, they must be administered byln the urine.
injection or, in the case of small peptides, through
a mucous membrane (sublingually or intranasally).
Because proteins/peptides do not cross cell mem
branes readily, they signal througlansmembrane
receptors.

Catecholamines

Catecholamines are synthesized by thadrenal
medulla and neurons and include norepinephrine,
epinephrine, and dopamineF{g. 1-3 Box 1-2.
The primary hormonal product of the adrenal me-
dulla is epinephring, and to a lesser extent, norepi-
nephrine. Epinephrine is produced by enzymatic
modifications of the amino acidyrosine. Epineph-
rine and other catecholamines are ultimately store
in secretory vesicles that are part of the regulate
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bind to the glucocorticoid receptor (GR) androgens
bind to theandrogen receptor (AR)estrogens bind to
the estrogen receptor (ER)and the active vitamin D
metabolite binds to theitamin D receptor (VDR).

The complexity of steroid hormone action is in-
creased by the expssion of multiple forms of each
receptor. Additionally, there is some degree of nonspe-
cificity between steroid hormones and the receptors
they bind to. For example, glucocorticoids bind to
the MR with high affinity, and progestins, glucocorti-
coids, and androgens can all interact with the PR, GR,
and AR to some degree. An appreciation of this “cross-
talk” is important to the physician who is prescribing
synthetic steroids. For example, medroxyprogesterone
acetate (a synthetic progesterone given for hormone
replacement therapy in postmenopausal women)
binds well to the AR as well as the PR. As discussed
Steroid hormonesare made by thadrenal cortex, ova-  subsequently, steroid hormones are lipophilic and pass
ries, testesandplacenta(Box 1-3. Steroid hormones through cell membranes easily. Accordingly, classic
from these glands fall into five categorigsogestins,  steroid hormone receptors are localized intracellularly
mineralocorticoids, glucocorticoids, androgensand  and act by regulating gene expression. More recently,
estrogens(Table 1-2. Progestins and the corticoids membrane and juxtamembrane receptors have been
are 21-carbon steroids, whereas androgens are l1@iscovered that mediate rapid, nongenomic actions
carbon steroids and estrogens are 18-carbon steroidsf steroid hormones.

Steroid hormones also include the active metabolite of Steroidogenic cell typesare defined as cells that
vitamin D, which is a secosteroid (s€bapter 4. can convertcholesterol to pregnenolone which is

Seroid hamones are synthesized by a series othe firstreaction common to all steroidogenic pathways.
enzymatic modifications ofholesterol(Fig. 1-4. The  Steroidogenic cells have some capacity for cholesterol
enzymatic modifications of cholesterol are of three synthesis but often obtain cholesterol from circulating
general types: hydroxylations, dehydrogenations/hydro€holesterol-rich lipoproteins (low-density lipopro-
genations, and breakage of carbon-carbon bonds. Theeins and high-density lipoproteins; sé&hapter 3.
purpose of these madificationsis to produce a cholesteroPregn@olone is then further modified by six or fewer
derivative that is sufficiently unique to be recognized byenzymatic reactions. Because of their hydrophobic
a specific receptor. Thus, progestins bind topheges-  nature, steroid hormones and precursors can leave the
terone receptor (PR) mineralocorticoids bind to the steroidogenic cell easily and so are not stored. Thus,
mineralocorticoid receptor (MR) glucocorticoids steroidogenesis is regulated at the level of uptake,

TABLE 1-2

NO. OF PRIMARY SITE
FAMILY CARBONS SPECIFIC HORMONE OF SYNTHESIS PRIMARY RECEPTOR
Progestin 21 Progesterone Ovary placenta Progesterone receptor (PR)
Glucocorticoid 21 Cortisol, corticosterone Adrenal cortex Glucocorticoid receptor (GR)
Mineralocorticoid 21 Aldosterone, 11-Deoxycorticosterone Adrenal cortex Mineralocorticoid receptor (MR)
Androgen 19 Testosterone, Dihydrotestosterone Testis Androgen receptor (AR)

Estrogen 18 Estradiol-17, Estriol Ovary placenta Estrogen receptor (ER)
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Progesterone

Cortisol

HO

B

FIGURE 1-4n Cholesterol and steroid hormone derivatives.
(From Koeppen BM, Stanton BA, edBerse and Levy
Physiology 6th ed., Philadelphia, 2010, Mosby.)
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comparing the ultrastructure of a protein hormone—
producing cellto that of a steroidogenic cell, protein hor-
mone—producing cells store the product in secretory
granules and have extensive rough endoplasmic reticu-
lum. In contrast, steroidogenic cells store precursor
(cholesterol esters) in the form of lipid droplets, but
do not store product. Steroidogenic enzymes are
localized to smooth endoplasmic reticulum membrane
and within mitochondria, and these two organelles are
numerous in steroidogenic cells.

An important feature of steroidogenesis is that
geroid hormones often undergo further modifications
(apart from those involved in deactivation and excre-
tion) after their release from the original steroidogenic
cell. This is referred to gweripheral conversion For
example, estrogen synthesis by the ovary and placenta
requires at least two cell types to complete the pathway
of cholesterol to estrogen (see Chapters 10 and 11). This
means that one cell secretes a precursor, and a second
cell converts the precursor to estrogen. There is also
considerable peripheral conversion of active steroid
hormones. For example, the testis secretes sparingly lit-
tle estrogen. However, adipose, muscle, and other tis-
sues express the enzyme for converting testosterone
(a potent androgen) to estradiol-b7 Peripheral con-
version of steroids plays an important role in several
endocrine disorders (e.g., Seig. 1-5.

Steroid hormones are hydrophobic, and a signifi-
cantfraction circulates in the blood bound to transport
proteins (see later). These include albumin, but also the
specific transport proteinssex hormone-binding
globulin (SHBG) and corticosteroid-binding globu-
lin (CBG) (see later). Excretion of hormones typically
involves inactivating modifications followed by glucu-
ronide or sulfate conjugation in the liver. These modi-
fications increase the water solubility of the steroid and
decrease its affinity for transport proteins, allowing
the inactivated steroid hormone to be excreted by the
kidney. Steroid compounds are absorbed fairly readily

storage, and mobilization of cholesterol and at the levein the gastrointestinal tract and therefore often may be
of steroidogenic enzyme gene expression and activittadministered orally.

Steroids arenot regulated at the level of secretion of

the preformed hormone. A clinical implication of this Thyroid Hormones

mode of secretion is that high levels gtEroid hor-

Thyroid hormones are classified ai@dothyronines

mone precursorsare easily released into the blood (Fig. 1-§ that are made by the coupling of iodinated
when adownstreansteroidogenic enzyme within a tyrosine residues through an ether linkage (Box; 1-4

given pathway is inactive or abserfid. 1-5. In

seeChapter §. Their specificity is determined by
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Normal testis

Cholesterol

\

\/

FIGURE 1-5n Example of the v
effect of an enzyme defect on
steroid hormone precursors in
blood.

Androstenedione

\

Testosterone

Predominant secreted

product of testis

Null mutation of 17-HSD type 3
(testis-specific enzyme)

\/

\/

\
- . Predominant secreted
product of testis
h

\'Z Peripheral conversion
to androgens &
estrogens

$

Male pseudohermaphroditism
(XY, sterile, female phenotype, hyperplastic testes)

the thyronine structure, but also by exactly whereimportant role in thyroid function (seeChapter 6.
the thyronine is iodinated. Normally, the predom- Thyroid hormones cross cell membranes by both

inant iodothyronine released by the thyroid 1§,
(3,5,35,-tetraiodothyronine, also calledhyroxine),

diffusion and transport systems. They are stored extra-
cellularly in the thyroid as an integral part of the gly-

which acts as a circulating precursor of the active form,coprotein molecule thyroglobulin (se€hapter §.

T3 (3,5,3 triiodothyronine) . Thus, peripheral con-
version through specific %Sleiodination plays an

NH,
(0] CH,CHCOOH
I ) I
Thyroxine (T,)
3,5,3 ,5 -Tetraiodothyronine
| I
NH,
(0] CH,CHCOOCH

|
3,5,3 -Triiodothyronine (T5)

FIGURE 1-6n Structure of thyroid hormones, which are
iodinated thyronines.

Thyroid hormones are sparingly soluble in blood
and are transported in blood bound tdhyroid
hormone—binding globulin (TBG) T, and T; have
long half-lives of 7 days and 24 hours, respectively. Thy-
roid hormones are similar to steroid hormones in that
the thyroid hormone receptor (TR)is intracellular
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and acts as a transcription factor. In fact, the TRtheir size and competency for cell division. Hormones
belongs to the same gene family that includes steroidegulate the differentiation of cells through genetic
hormone receptors and vitamin D receptors. Thyroid and epigenetic changes and their ability to survive
hormones can be administered orally and sufficient hor-or undergo programmed cell death. Hormones influ-
mone is absorbed intact to make this an effective modeence cellular metabolism, ionic composition, and

of therapy. transmembrane potential. Hormones orchestrate sev-
eral complex cytoskeletal-associated events, including
cell shape, migration, division, exocytosis, recycling/

¥Eél\(l:slggLF}EA?_||:O|-’llORMONES IN endocytosis, and cell-cell and cell-matrix adhesion.

Hormones regulate the expression and function of
A significant amount of steroid and thyroid hormones cytosolic and membrane proteins, and a specific
is transported in the blood bound to plasma proteins hormone may determine the level of its own receptor,
that are produced in a regulated manner by the liver.or the receptors for other hormones.
Protein and polypeptide hormones are generally Although hormones can exert coordinated, pleiotro-
transported free in the blood. There exists an equilib-pic control on multiple aspects of cell function, any
rium among the concentrations of bound hormone given hormone does not regulate every function in ev-
(HP), free hormone (H), and plasma transport pro- ery cell type. Rather, a single hormone controls a subset
tein (P); if free hormone levels drop, hormone will of cellular functions in only the cell types that express
be released from the transport proteins. This relation-receptorsfor that hormone (i.e., theéarget cel). Thus,
ship may be expressed as follows: selective receptor expression determines which cells will
respond to a given hormone. Moreover, the differenti-
ated epigenetic state of a specific cell will determine how
where K¥% the dissociation constant. it will respond to a hormone. Thus, the specificity of
The free hormoneis the biologically active form hormonal responses resides in the structure of the
for target organ action, feedback control, and clear-hormone itself, the receptor for the hormone, and
ance by uptake and metabolism. Consequently, inthe cell type in which the receptor is expressed. Serum
evaluating hormonal status, one must sometimes dehormone concentrations are extremely low (it
termine free hormone levels rather than total hormoneto 10 ° M). Therefore, a receptor must havehigh
levels alone. This is particularly important becauseaffinity, as well as specificityor its cognate hormone.
hormone transport proteins themselves are regulated Hormone receptors fall into two general classes:
by altered endocrine and disease states. transmembrane receptor@and intracellular recep-
Protein binding serves several purposes. It prolongsors that belong to thenuclear hormone receptor
the circulating {,, of the hormone. The bound hor- family.
mone represents a “reservoir” of hormone and as such
can serve tdufferacute changes in hormone secre-
tion. In addition, steroid and thyroid hormones are 1ransmembrane Receptors
lipophilic and hydrophobic. Binding to transport pro- Most hormones are proteins, peptides, or catechol-
teins prevents these hormones from simply partition- amines that cannot pass through the cell membrane.
ing into the cells near their secretion and allows themThus, these hormones must interact witAnsmem-

R VP or K¥%.3¥ R =HP

to be transported throughout the circulation. brane protein receptors. Transmembrane receptors
are proteins that contain three domains (proceeding

CELLULAR RESPONSES TO from c_)utS|de to inside th_e cell).: (1) an gxtragellular

HORMONES domain that harbors a high-affinity binding site for

a specific hormone; (2) one to seven hydrophobic,
Hormones regulate essentially every major aspect dfansmembrane domains that span the cellmembrane;
cellular function in every organ system. Hormonesand (3) a cytosolic domain that is linked to signaling

control the growth of cells, ultimately determining proteins.
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Hormone binding to a transmembrane receptor
induces a conformational shift in all three domains
of the receptor protein. This hormone receptor C.
binding—induced conformational change is referred to
as asignal The signal isransducedinto the activation
of one or moreintracellular signaling molecules
Signaling molecules then act osffector proteins
which, in turn, modify specific cellular functions. The
combination of hormone receptor binding (signal), D.
activation of signaling molecules (transduction), and
the regulation of one or more effector proteins is re-
ferred to as &ignal transduction pathway(also called
simply asignaling pathway, and the final integrated E.
outcome is referred to as theellular response

Signaling pathways linked to transmembrane
receptors are usually characterized by the following:

A. Receptor bindingfollowed by aconformational
shift that extends to the cytosolic domain. The con-
formational shift may result in one or more of the
following:

1. Activation of a guanine exchange function of a
receptor (see later).

Homodimerization and/or heterodimerization

of receptors to other receptors or co-receptors

within the membrane.

Recruitment and activation of signaling pro-

teins by the cytosolic domain.

. Multiple, hierarchal stepsin which downstream
effector proteins are dependent on and driven by
upstreanreceptors and signaling molecules and ef-
fector proteins. Thismeansthatloss orinactivation of
one or more components within the pathway leads to
hormonal resistance whereas constitutive activa-
tion or overexpression of components can provoke

2.

3.

FIGURE 1-7 n Example of hormone-

induced conformational change in

transmembrane receptor. This often
promotes dimerization of receptors as
well as conformational changes in the
cytosolic domain that unmasks a spe-
cific activity (e.g., guanine nucleotide
exchange factor activity, tyrosine kinase
activity).

Extracellular domain

Transmembrane domain

cytosolic domain

a cellular response in &ormone-independent

unregulated manner.

Amplification of the initial hormone receptor

binding—induced signal, usually by inclusion of

an enzymatic step within a signaling pathway.

Amplification can be so great that maximal re-

sponse to a hormone is achieved upon hormone

binding to a fraction of available receptors.

Activation of multiple divergent or convergent

pathways from one hormone receptor—binding

event. For example, binding of insulin to its recep-
tor activates three separate signaling pathways.

Antagonism by constitutive and regulated nega-

tive feedback reactionsThis means that a signal is

dampened or terminated by opposing pathways.

Gain of function of opposing pathways can result

in hormonal resistance

Signaling pathways use several common modes
of informational transfer (i.e., intracellular mes-
sengers and signaling events). These include the
following:

1. Conformational shifts. Many signaling compo-
nents are proteins and have the ability to toggle
between two (or more) conformational states that
alter their activity, stability, or intracellular loca-
tion. As discussed previously, signaling begins
with hormone receptor binding that induces a
conformational change in the receptofig.
1-7). The other modes of informational transfer
discussed later either regulate or are regulated
by conformational shifts in transmembrane re-
ceptors and in downstream signaling proteins.

. Covalent phosphorylation of proteins and
lipids (Fig. 1-§. Enzymes that phosphorylate
proteins or lipids are callekinaseswhereas those

I Hormone

»
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o o0 2
o O

ATZ Tyrosine kinase ’;DP
AN o)
OH ) cC C O P O
v P c o o

Tyrosine phosphatase

> *or, Activity
» *or, Stability

FIGURE 1-8 n Phosphorylation/
dephosphorylation in signal transduc-
tion pathways. In this case, phospho-
tyrosine is shown.

» Alter subcellular location
» Recruitment of proteins

that catalyze dephosphorylation are cafbémbs-

phatasesProtein kinases and phosphatases can

be classified as either tyrosine-specific kinases
and phosphatases or serine/threonine-specific
kinases and phosphatases. There areralzed
functionkinases and phosphatases that recognize
all three residues. An important lipid kinase is
phosphatidylinositol-3-kinase (PI3K; see later).

The phosphorylated state of a signaling
component can alter the following:

a. Activity. Phosphorylation can activate or de-
activate a substrate, and proteins often have
multiple sites of phosphorylation that induce
guantitative and/or qualitative changes in the
protein’s activity.

b. Stability. For example, phosphorylation of pro-
teins can induce their subsequent ubiqui-
tination and proteasomal degradation.

c. Subcellular location For example, the phos-
phorylation of some nuclear transcription fac-
tors induces their translocation to and
retention in the cytoplasm.

d. Recruitmentand clustering of other signaling
proteins. For example, phosphorylation of the
cytosolic domain of a transmem-brane recep-
tor often induces the recruitment of signaling
proteins to the receptor where they are phos-
phorylated. Recruitment happens because the
recruited protein harbors a domain that specif-
ically recognizes and binds to the phosphory-
lated residue. Another important example of
recruitment by phosphorylation is the

recruitment of the protein kinase Akt/PKB to
the cell membrane, where it is phosphorylated
and activated by the protein kinase, PDK1.
In this case, Akt/PKB and PDK1 are recruited
to the cell membrane by the phosphorylated
membrane lipid, phosphatidylinositol 3,4,5-
triphosphate (PIR).

3. Noncovalent guanosine nucleotide triphos-

phate (GTP) binding to GTP-binding proteins
(G proteins). G proteinsrepresent a large family
of molecular switches, which are latent and inac-
tive when bound to GDP, and active when bound
to GTP (Fig. 1-9. G proteins are activated lgyia-
nine nucleotide exchange factors (GEFEsyhich
promote the dissociation of GDP and binding of
GTP. G proteins have intrinsiGTPaseactivity.
GTP is normally hydrolyzed to GDP within sec-
onds by the G protein, thereby terminating the
transducing activity of the G protein. Another
G-protein termination mechanism (which repre-
sents atarget for drug developmentto treat certain
endocrine diseases) is the family of proteins
calledregulators of G-protein signaling (RGS
proteins), which bind to active G proteins and
increase their intrinsic GTPase activity.

. Noncovalent binding of cyclic nucleotide mono-

phosphates to their specific effector proteins
(Fig. 1-19. Cyclic adenosine monophosphate
(cAMP)is generated from adenosine triphosphate
(ATP) by adenylyl cyclasewhich is primarily a
membrane protein. Adenylyl cyclase is activated
and inhibited by the G proteins, Gs-and Gi4a,
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FIGURE 1- G proteinsin signaltransduction G protein + GDP
pathways. GEF, guanine nucleotide exchange ~(inactive)
factor; RGS, regulator of G-protein signaling. [

GEF

Y
G protein* GTP Effect_or
) protein
(active)

Intrinsic GTPase

RGS protein

O

. . . PKA
FIGURE 1-10 n Cyclic AMP/PKA in signal

transduction pathways. AC, adenylyl cyclase;cAMP
PDE, phosphodiesterase; R & C, regulatory and . <
catalytic subunits, respectively, of protein kinase A
(PKA); E, EPAC (exchange protein activated by
cAMP); CNG, cyclic nucleotide—gated channel;
HCN, hyperpolarization-induced cyclic hucleotide—
modulated channel.

Q0 < Y
o0

Protein phosphorylation
(membrane, cytosolic,

ATP CAMP A

lonic current
(9. K)

o .
AMP
A\
A
@, - @c
‘

\/
Activation of
effector proteins

& nuclear proteins)

respectively (see later). There are three general in-

tracellular effectors of cyclic AMP (CAMP):

a. CAMP binds to the regulatory subunit of
protein kinase A(PKA; also calledccAMP-
dependent protein kinasg Inactive PKA is
a heterotetramer composed of two catalytic
subunits and two regulatory subunits. cAMP
binding causes the regulatory subunits to
dissociate from the catalytic subunits, thereby
generating two molecules of active catalytic
PKA subunits (PKA. PKA, phosphorylates
numerous proteins on serine and threonine
residues. Substrates of PKAinclude

b.

<
> <

numerous cytosolic proteins as well as
transcription factors, most notably AMP-
responsive element-binding protei{ CREB
protein).

A second effector of cCAMPEpac(exchange
protein activated by cAMP), which has two
isoforms. Epac proteins act as GEFs (see ear-
lier) for small G proteins (called Raps). Raps
in turn control a wide array of cell functions,
including formation of cell-cell junctional
complexes and cell-matrix adhesion,€a
release from intracellular stores (especially
in cardiac muscle) and in the augmentation
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of glucose-dependent insulin secretion by
glucagon-like peptide-1 in pancreatic isket
cells (se€hapter 3.

. CAMP (and cyclic guanosine monophosphate
[cGMP], discussed later) also binds directly to
and regulateson channels These are of two
types:cyclic nucleotide gated (CNGxhan-
nels andhyperpolarization-activated cyclic
nucleotide modulated (HCN)channels. For
example, norepinephrine, which acts through
a Gs-coupled receptor, increases heart rate in
part through increasing a depolarizing inward
KP and N& current via an HCN at the sino-
atrial node.

cGMPis produced from GTP bguanylyl
cyclasewhich exists in both transmembrane
and soluble forms Kig. 1-1). The trans-
membrane form of guanylyl cyclase is a hor-
mone receptorpatriuretic peptide receptor
(NPR-A and NPR-B), for the natriuretic
peptides (atrial ¥ ANP; brain ¥ BNP;
C-type¥aCNP). The soluble form of guanylyl
cyclase is activated by another messenger,

@ Natriuretic peptide

hd

——

A
GTP cGMP
PDE
PKG . < » GMP
cGMP .
@<
Y
. GMP <
A\
Protein
phosphorylation

Y

nitric oxide (NO). Nitric oxide is produced
from molecular oxygen and arginine by the
enzymenitric oxide synthase(NOS). In vas-
cular endothelial cells, endothelial NOS
(eNOS) activity is the target of vasodilatory
neuronal signals (e.g., acetylcholine) and cer-
tain hormones (estrogen). NO then diffuses
into vascular smooth muscle and activates sol-
uble guanylyl cyclase to produce cGMP. cGMP
activatesprotein kinase G (PKG) which
phosphorylates and regulates numerous pro-
teins. In vascular smooth muscle, this leads
to relaxation and vasodilation. As discussed
earlier, cGMP also regulates ion channels.
cAMP and cGMP are degraded to AMP
and GMP, respectively, byphosphodies-
terases(seeFigs. 1-10and 1-11), thereby
terminating their signaling function. Phos-
phodiesterases represent a large family of
proteins and display cell-specific expression.
CcAMP phosphodiesterases are inhibited by
caffeine and other methylxanthines. cGMP
is degraded cGMP phosphodiesterases, of

X

> sGC

A
GTP cGMP >= cGMP

PDE
o ®

\j

Protein
phosphorylation

Y

FIGURE 1-11n Membrane-bound and soluble guanylyl cyclases. R and C, regulatory and catalytic subunits, respectively, of
protein kinase G (PKG). eNOS, endothelial nitric oxide synthase; NO, nitric oxide; sGC, soluble guanylyl cyclase.
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5.

which one isoform is inhibited by sildenafil 6. Noncovalent C&P binding (seeFig. 1-13. Cyto-
(Viagra). In some contexts, cCAMP and cGMP  solic levels of CG& are maintained at very low levels
can modulate each other (a phenomenon (i.e., 10 "to 10 M), by either active transport of
calledcross-talk through the regulation of C&P out of the cell, or into intracellular compart-
phosphodiesterases. For example, oocyte ments (e.g., endoplasmic reticulum). As discussed
arrest is maintained by high levels of cAMP.  earlier, IR binding to the IR receptor increases the
The LH surge decreases cGMP in surround-  flow of C&P into the cytoplasm from the endoplas-
ing follicle cells by decreasing the local —mic reticulum. C&P can also enter the cytoplasm
production of a natriuretic peptide. This through the regulated opening of &% channels
results in lowered oocyte cyclic GMP. Because in the cell membrane. This leads to an increase in
cGMP inhibits the oocyte cAMP-specific ~ C&P binding directly to numerous specific effector
phosphodiesterase, lowered cGMP leads to proteins, which leads to a change in their activities.
decreased CcAMP, thereby allowing the Additionally, C&P regulates several effector proteins
oocyte to complete the first meiotic division indirectly, through binding to the messenger protein,

(seeChapter 10. calmodulin. Several of the &%/calmodulin targets
Geneation of lipid informational molecules, are enzymes, which amplify the initial signal of in-
which act as intracellular messengers. These creased cytosolic @& The C&P-dependent mes-
include diacylglycerol (DAG) and inositol 1,4,5- sage is terminated by the lowering of cytosolic
triphosphate (IPs), which are cleaved from C&P by cell membrane and endoplasmic reticular
phosphatidylinositol 4,5-bisphosphate (B)Pby CaP ATPases (i.e., & pumps).

membrane-bound phospholipase C (PLCPAG

activates certain isoforms of protein kinase C )

(Fig. 1-13. IPs binds to the IR receptor, which 1ransmembrane Receptors Using

is a large complex forming a & channel, on G Proteins

the endoplasmic reticulum membrane, and pro- The largest family of hormone receptors is the
motes C&P efflux (see later) from the endoplas- G-protein-coupled receptor (GPCRYamily. These
mic reticulum into the cytoplasm. Some isoforms receptors span the cell membrane seven times and
of DAG-activated PKC are also ®adependent, are referred to as 7-helix transmembrane receptors.
so the actions of IPconverge on and reinforce The G proteins that directly interact with GPCRs are
those of DAG. The DAG signal is terminated by termedheterotrimeric G proteinsand are composed
lipases, whereas 4Pis rapidly inactivated by of an a subunit (Ga), and ab/g subunit dimer

dephosphorylation. (Gb/g). The Ga subunit binds GTP and functions as
oH c cc DAG i
FIGURE 1-12 n IP; (inosiol pip, @ cc  PLC 7 2 PKC e,
1,4,5-triphosphate and DAG phosphorytatio
(diacylglycerol) in signaling path- A ) )
ways. PLC, phospholipase C; . Ci :ggz gaB'\S > E:(f)fgitr?;
PIR, phosphatidylinositol 4,5-
bisphosphate; IBR,IR; receptor; > IP4R YVV
SER smooth endoplasmic re- Cellular response

ticulum; CaM, calmodulin;
CBP, calcium-binding proteins. Ca?

SER
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the primary G-protein signal transducer. GPCRs are, GPCR-dependent signaling pathways regulate a
in fact, ligand-activated GEFs (see earlier). This meanbroad range of cellular responses. For example, the
that on hormone binding, the conformation of the re- pancreatic hormone, glucagon, regulates numerous
ceptor shifts to the active state. Once active, the GPCRspects of hepatic metabolism (Sekapter 3. The
induces the exchange of GDP for GTP, thereby activatglucagon receptor is linked to the Gs-cAMP-PKA
ing Ga. One hormone-bound receptor activates 100 or pathway, which diverges to regulate enzyme activity
more G proteins. GTP-bound & then dissociates at both posttranslational and transcriptional levels.
from Gb/g and binds to and activates one or more PKA phosphorylates and thereby activates phosphor-
effector proteins (Fig. 1-33 ylase kinase. Phosphorylase kinase phosphorylates
How do G proteins link specific hormone receptor— and activates glycogen phosphorylase, which catalyzes
binding events with specific downstream effectorthe release of glucose molecules from glycogen.
proteins? There are at least 16 (roteins that show Catalytic subunits of PKA also enter the nucleus, where
specificity with respect to cell-type expression, GPCRhey phosphorylate and activate the transcription
binding, and effector protein activation. A rather factor, CREB protein. Phospho-CREB then increases
ubiquitous Ga protein is calledGsa, which stimu-  the transcriptional rate of genes encoding specific
lates the membrane enzyme, adenylyl cyclase, arehzymes (e.g., phosphoenolpyruvate carboxykinase).
increases the levels of another messenger, cCAMP (seeln summary,signaling from one GPCR can regulate
earlier). Some GPCRs couple®-a, which inhibits ~ a number of targets in different cellular compartments
adenylyl cyclase. A third major hormonal signaling with different kinetic§~ig. 1-14.
pathway is througlzg-a, which activatephospholi- As mentioned, G-protein signaling is terminated
pase Q(PLC). As discussed previously, PLC generatedy intrinsic GTPase activity, converting GTP to GDP.
two lipid messengersDAG and IP;, from PIP,.  This returns the G protein to an inactive state (bound
Defects in G-protein structure and expressionto GDP). Another termination mechanism involves-
are linked to endocrine diseases such as pseudohypagensitizationandendocytosiof the GPCRIig. 1-15.
parathyroidism (loss of Gs activity) or pituitary tu- Hormone binding to the receptor increases the ability
mors (loss of intrinsic GTPase activity in Gs, therebyof GPCR kinases (GRKs) to phosphorylate the intracel-

extending its time in the active state). lular domain of GPCRs. This phosphorylation recruits
@ Hormone
.SP?R Y GPCR Hormone complex
(inactive) ® (active)
-‘“"-.“"-R
Adenylyl cyclase
GDP 7 GTP . > GTP . Effector proteins Phospholipase
. . . Others
GDP”~ GTP A4
Increased level of FIGURE 1-13 n  Signaling
2nd messengers
pathway for hormones that

> CAMP (Fig 1-13) bind to GPCRs.
> DAG (Fig 1-15)
> IP3 > Ca® (Fig 1-15)

l

Specific cellular
response to
specific hormone-
GPCR signal



16 ENDOCRINE AND REPRODUCTIVE PHYSIOLOGY

- GPCR » Hormone « GPCR  Hormone * GPCR « P
A A4 A
v GDP+G GRK
I Y
GTP G
Y Recycling -arrestin binding
y» Pi
Y
Inactivation of GPCR
and endocytosis of
Y hormone-GPCR- arrestin complex
I v
Digestion by

\ 4 lysosomal enzymes

- FIGURE 1-15n GPCR inactivation and endocytosis to

lysosomes (desensitization) and/or recycling back to the
Nucleus Cytoplasm cellmembrane in a dephosphorylated form (resensitization).

Y

\
[ ] _ important mechanism for clearing protein and peptide

hormones from the blood.

A4 \4
_ _ Receptor Tyrosine Kinases
A4

Receptor tyrosine kinases (RTKs) can be classified into
Y two groups: the first acting as receptors for several
_ _ growth factors (e.g., epidermal growth factor, platelet-
derived growth factor), and the second group for insu-
lin and insulin-like growth factors (IGFs). The former
\d group of RTKs comprises transmembrane glycopro-

_ teins with an intracellular domain containing intrinsic

FIGURE 1-14n Coordinated regulation of cytoplasmic and ;Yros”_‘e k_mas? ﬁCtIVIty' G.rﬁwthhfath:Ir bmdlgg Indqu(IBS
nuclear events by PKA to produce a general cellular imerization of the RTKwithin the cell membrane, fol-

response. lowed by transphosphorylation of tyrosine residues,
generating phosphotyrosine (pY). The phosphotyro-
sines function to recruit proteins. One recruited protein
proteins called-arrestins. GRK-induced phosphory- is phospholipase C, which is then activated by phos-
lation and b-arrestin binding inactivate the receptor, phorylation and generates the messengers DAG and
and b-arrestin couples the receptor to clathrin- IP; from PIR, (see earlier). A second critically impor-
mediated endocytotic machinery. Some GPCRs ar¢ant protein that is recruited to pY residues is the
dephosphorylated and rapidly recycled back to the celadapter protein, Grb2, which is complexed with a
membrane (without hormone), whereas others are de-GEF named SOS. Recruitment of SOS to the membrane
graded in lysosomes. GRKArrestin-dependent inac- allows it to activate a small, membrane-bound mono-
tivation and endocytosis is an important mechanism meric G protein called Ras. Ras then binds to its effector
for hormonal desensitization of a cell after exposureprotein, Raf. Raf is a serine-specific kinase that phos-
to excessive hormone. Hormone receptor endocytosiphorylates and activates the dual-function kinase,
(also calledreceptor-mediated endocyjosisalso an MEK. MEK then phosphorylates and activates a
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mitogen-activated protein kinase (MAP kinase, alsoconcentrating the kinase near its substrate ,FlPthe
called ERK). Activated MAP kinases then enter the nuell membrane. As discussed earlier, this ultimately leads
cleus and phosphorylate and activate several transcrigo activation of Akt/PKB, which is required for the
tion factors. This signaling pathway is referred to as themetabolic responses to insulifif. 1-17. The IR also
MAP kinase cascadmd it transduces and amplifies a activates a pathway involving the small G protein, TC-
growth factor-RTK signal into a cellular response in- 10 (seéig. 1-17. The small G-protein-dependent path-
volving a change in the expression of genes encodingiay and the Akt/PKB pathway are both required for the
proteins involved in proliferation and survival. actions of insulin on glucose uptake (S&eapter 3.

The insulin receptor (IR) differs from growth factor RTKs are down regulated by ligand-induced endo-
RTKs in several respects. First, the latent IR is alreadgytosis. Additionally, the signaling pathways from
dimerized by Cys-Cys bonds, and insulin binding in- RTKs, including IR and IRS, are inhibited by serine/
duces a conformational change that leads to transphosthreonine phosphorylation, tyrosine dephosphoryla-
phorylation of the cytoplasmic domaing=ig. 1-16. tion, and the suppressor of cytokine signaling proteins
A major recruited protein to pY residues is the insulin (see next section).
receptor substrate (IRS), which is then phosphorylated ) ) )
on tyrosine residues by the IR. The pY residues on IR&€Ceptors Associated with Cytoplasmic
recruit the Grb-2/SOS complex, thereby activating TYrosine Kinases
growth responses to insulin through the MAP kinase Another class of membrane receptor falls into¢to-
pathway (sed-ig. 1-1¢. The pY residues on the IRS kine receptor familyand includes receptors for growth
also recruit the lipid kinase, PI3K, activating and hormone, prolactin, erythropoietin, and leptin. These

@ Insulin

GDP

A
o @

Mek v » Mek P FIGURE 1-16n Signaling from

the insulin receptor (a receptor
tyrosine kinase) through the
MAPK pathway. pY, phosphory-
lated tyrosine residue in protein.

pY

MAPK » MAPK P

\

Transfer to nucleus

\

Phosphorylation of transcription factors

\

Change in gene expression

A\
Cellular response
(Primarily mitogenic actions
of insulin)
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@ Insulin

R oJk
/l!l !

PP p
FIGURE 1-17n Signaling from

the insulin receptor through the

phosphatidylinositol-3-kinase 4 Y
(PI3K)/AKUPKB pathway. R and Also recruitment of Active Akt/PKB
C; regulatory and catalytic sub- v activation of PKC isoforms

units, respectively, of PI3K. PJP Lo ) )
Activation of
phosphatidylinositol 4,5-bispho-  small G protein TCIO > Protein phosphorylation

sphate; PIR, phosphatidylino- A
sitol 3,4,5 trisphosphate. PKC, H _ Cellular response
protein kinase C; pY, phosphory- GLUT 4 *:F \z v (prlmarllyo?}ﬁgetjl?;l;cact|ons
lated tyrosine residue in protein. (in vesicle) N
Insertion of
GLUT4 into
\Ce" o M
III=|III of glucose

Glucose

receptors, which exist as dimers, do not have intrinsicthe IR, but also in reducing insulin sensitivity in

protein kinase activity. Instead, the cytoplasmic domainshyperinsulinemic patients.

are stably associated with members of IAK kinase

family (Fig. 1-18. Hormone binding induces a con- . ) )

formational change, bringing the two JAKs associatedX€Ceptor Serine/Threonine Kinase

with the dimerized receptor closer together and causingX€Ceptors

their transphosphorylation and activation. JAKs then One group of transmembrane receptors are bound

phosphorylate tyrosine residues on the cytoplasmic doand activated by members of th&ansforming

mains of the receptor. The pY residues recruit latentgrowth factor (TGF)b family, which includes the

transcription factors calle@TAT (signal transducers hormonesantimillerian hormone and inhibin . Un-

and activators of transcriptior) proteins. STATs be- bound receptors exist as dissociated heterodimers,

come phosphorylated by JAKs, which causes them tgoalledRI and RIlI (Fig. 1-20. Hormone binding to

dissociate from the receptor, dimerize, and translocateRIl induces dimerization of RIl with RI, and RII acti-

into the nucleus, where they regulate gene expressionvates Rl by phosphorylation. Rl then activates latent
A negative feedback loop has been identified fortranscription factors calle®mads Activated Smads

JAK/STAT signaling. STATs stimulate expression ofheterodimerize with aCo-Smad enter the nucleus,

one or more suppressors of cytokine signaling and regulate specific gene expression.

(SOCS) proteinsSOCS proteins compete with STATS

for binding to the pY residues on cytokine receptors

(Fig. 1-19. This terminates the signaling pathway at Meémbrane Guanylyl Cyclase Receptors

the step of STAT activation. Recent studies show thaf\s discussed previously, the membrane-bound forms

a SOCS protein is induced by insulin signaling. SOCSf guanylyl cyclase constitute a family of a receptors for

3 protein plays a role in terminating the signal from natriuretic peptides (s€€ig. 1-1). The hormonal role
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Hormone/cytokine of atrial natriuretic peptide (ANP) will be discussed
\/ in Chapter 7
4

Hormone/cytokine receptor
Signaling from Intracellular Receptors

Steroid hormones, thyroid hormones, and 1,25-
dihydroxyvitamin D act primarily through intracellu-
lar receptors. These receptors are structurally similar
and are members of theuclear hormone receptor
superfamily that includes receptors fasteroid hor-
mones thyroid hormone, lipid-soluble vitamins,
peroxisome proliferator—activated receptors (PPARS)
and othermetaboliceceptors (liver X receptor, farnesyl
X receptor).

Nuclear hormone receptors act as transcriptional

A\ regulators. This means that the signal of hormone re-

STAT dimer ceptor binding is transduced ultimately into a change
in the transcriptional rate of a subset of the genes that
are expressed within a differentiated cell type. One re-
ceptor binds to a specific DNA sequence, calladra
mone response elemenbften close to the promoter
of one gene, and influences the rate of transcription of
that gene in a hormone-dependent manner (see later).
However, multiple hormone receptor—binding events

Cytoplasm

\ Nucleus

STAT regulation of
gene expression \

.

FIGURE 1-18n Signaling from cytokine receptor family.

TGF- —related RII/RI dimer
hormones A
>O@ RIl [
Cytoplasm
Cytokine receptor Insulin receptor 4P
>»p
SOCS inhibits G
\J recruitment \J A
Recruitment by Recruitment via P
pY residues pY residues -
G <
A A P
SOCS expression Nucleus \'
Y Y Regulation of
Cellular responses Cellular responses specific gene expression \

FIGURE 1-19n Role of suppressor of cytokine signaling ‘
SOCS protein in terminating signals from cytokine family
and insulin receptors. FIGURE 1-20n Signaling from TGH-related hormones.
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TABLE 1-3

HORMONE CATECHOLAMINES, CATECHOLAMINES
TYPE STEROID HORMONES  THYROID HORMONES PEPTIDES, PROTEINS PEPTIDES, PROTEINS
Cell membrane  Passes through cell Passes through cell membrane,  Binds to extracellular domain Binds to extracellular
membrane possibly use transporter of transmembrane receptor domain of
transmembrane
receptor
Cytoplasm Binds to receptor, HRC Moves through cytoplasm directly Ultimately activates cytoplasmic ~ Activates a latent
translocates to nucleus to nucleus to bind receptor protein kinase, translocates to transcription factor in
the nucleus cytoplasm, TF
translocates to the
nucleus
Nucleus HRC binds to response Hormone binds to receptor Phosphorylates TF, which binds TF binds to DNA and
elements (often as already bound to response to DNA and recruits co- recruits co-regulatory
dimer), recruits co- elements, HRC induces regulatory proteins, altersgene  proteins, alters gene
regulatory proteins and exchange of co-regulatory expression expression
alters gene expression proteins, alters gene expression
Examples Cortisol Ts Glucagon Growth hormone

HRC, hormone-receptor complex; TF, transcription factor.

are collectively transduced into the regulation of 3. Nuclear translocation signal

several genes. Moreover, regulation by one hormond. Binding domain for heat-shock proteins

usually includes activation and repression of the tran-5. Dimerization subdomain

scription of many genes in a given cell type. Note that There are numerous variations in the details of
we have already discussed examples of signaling tuclear receptor mechanisms of action. Two generalized
transcription factors by transmembrane receptors.pathways by which nuclear hormone receptors increase
Table 1-3summarizs the four general modes of gene transcription are the followingig. 1-22:

hormonal regulation of gene transcription.

Nuclear hormone receptors have three major struc-
tural domains: aramino terminus domain (ABD), a
middle DNA-binding domain (DBD), and a car-
boxyl terminus ligand-binding domain (LBD)
(Fig. 1-2). The amino terminus domain contains a
hormone-independent transcriptional activation do-
main. The DNA-binding domain contains two zinc
finger motifs, which represent small loops organized
by zr*P binding to four cysteine residues at the base
of each loop. The two zinc fingers and neighbor-
ing amino acids confer the ability to recognize and
bind to specific DNA sequences, which are called
hormone-response elements (HREsSJhe carboxyl
terminal ligand-binding domain contains several
subdomains:

Pathway 1:Unactivated receptor is cytoplasmic or
nuclear and binds DNA and recruits co-activator

DBD

1. Site of hormone recognition and binding
2. Hormone-dependent transcriptional activation
domain Domains of nuclear hormone receptor.
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HRE

a0

HRE

®®.
HRE

<

Gene

Gene

Gene

Gene

Gene

Two general mechanisms
by which nuclear receptor and hormone
complexes increase gene transcription.
HRE, hormone response element; co-
repress, co-repressor proteins; GTFs,
general transcription factors; HR,
hormone receptor; RXR, retinoid X
receptor; Co-act, co-activator proteins.
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receptor produces essentially the same symptoms 4 TABLE 1-4

loss of hormone. In addition to the receptor, there—
are fairly complex pathways involving NUMErous in- =~ N oM OF SIGNAL
tracellular messengers and effector proteins. AcCordfrRANSDUCTION

ingly, endocrine diseases can arise from abnormal ERMINATION

expression or activity of any of these signal transduCgeceptor-mediated endocytosis linked
tion pathway components. to lysosomal degradation

Phosphorylation/dephosphorylation
of receptor or “downstream”
components of signaling pathway

EXAMPLE

Many transmembrane
receptors

Serine phosphorylation of
insulin receptor and
insulin receptor substrate
by other signaling
pathways

Steroid hormone receptors

Overview of the Termination Signals

Most of what has been discussed in this chapter de-
scribes the stimulatory arm of signal transduction.
As noted earlier, all signal transduction of hormonal
signals must have termination mechanisms to avoidBinding of an inhibitory regulatory
sustained and uncontrolled stimulation of target cells. factor

Pal’t Of th|S stems from the Cessation Of the Originalmtrinsic [erminating enzymatic a(;tivity
stimulus for increasing a hormone’s level, and mech
anisms to clear the hormone (i.e., removal of signal).

However, there exist a wide array of intracellular

mechanisms that terminate the signaling pathwayTable 1-4Note that overactivity of terminating mech-
within the target cells. Some of these are listed inanisms can lead thormonalresistance.

Ubiquitination/proteasomal
degradation
Regulatory subunit of PKA

GTPase activity of G proteins

SUMMARY

1. Theendocrine systenis composed of:
n Dedicated hormone-producing glands (pitui-
tary, thyroid, parathyroid, and adrenal)
n Testesand ovaries whose intrinsic endocrine
function is absolutely necessary for gametogenesis
n Hypothalamic neuroendocrine neurons n
n Scattered endocrine cells that exist as clusters of

release of these vesicles represenegalated
mode of exocytosisEach hormone is first made
as aprehormone containing a signal peptide
that guides the elongating polypeptide into the
cisternae of the endoplasmic reticulum.

Are frequently synthesizedasprohormones Af-
ter removal of the signal peptide, theohormone

endocrine-only cell§slets of Langerhanspr as
cellswithin organs that are have a nonendocrine
primary function (pancreas, Gl tract, kidney)

2. Endocrine signaling involves the secretion of a

cheamical messengeralleda hormone, that circu-
lates in the blood and reaches an equilibrium with

is processed yrohormone convertases

n Typically do not cross cell membranes and act
through transmembrane receptorgsee later).

n Mostly circulate afree hormones and are ex-
creted in the urine or cleared byeceptor-
mediated endocytosiand lysosomal degradation.

the extracellular fluid. Hormones alter many func- 4. Catecholamine hormones:

tions of their target cells, tissues, and organs
through specific, high-affinity interactions with
their receptors.

3. Protein/peptide hormones:

n Are produced on ribosomes, become inserted
into the cisternae of the endoplasmic reticulum,
transit the Golgi apparatus, and finally are stored
in membrane-bound secretory vesiclesThe

n Include the hormonesegpinephrine (Epi) and
norepinephrine (Norepi). Epi and Norepi are
derivatives of tyrosine, which is enzymatically
modified by several reactions. Ultimately, Epi
and Norepi are stored in a secretory vesicle
and are released in through regulated exocytosis.

n Act through transmembrane GPCRs receptors
calledadrenergic receptors
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Hormones that are related tdransforming n Steroid hormones bind to members of the
growth factor-b (TGF-b), such as antimlierian nuclear hormone transcription factor family
hormone, signal through ao-receptor (recep- Steroid hormone receptors usually reside in
tor | and receptor II) complex that ultimately the cytoplasm. Hormone binding induces
signals to the nucleus through activat&dhad nuclear translocation, dimerization and DNA
proteins. binding. Steroid hormone receptor complexes
n Atrial natriuretic peptide (and related peptides) regulate many genes in a target cell.
bind to a transmembrane receptor that contains a9. Thyroid hormone (T3) receptors (THRs) are
guanylyl cyclaselomain within the cytosolic do- related to steroid hormone receptor, but they con-
main. These receptors signalibgreasing cGMP stitutively remain in the nucleus bound to thyroid
which activatesprotein kinase G (PKG)and hormone response DNA elementsg binding
cyclic nucleotide-gated channelscGMP also typically induces an exchange of co-regulatory
regulates selectiyhosphodiesterases proteins and altered gene expression.

4. What role does the IRS protein play in transduc-
ing insulin receptor signalingnto a growth re-

How do protein hormones differ from steroid sponse? a metabolic response?

hormones in terms otheir storage within an en- 5. Name an example of a transmembrane receptor—

docrine cell? associaed transcription factorthat translocates
2. How does binding to serum transport proteins in- to the nucleus.

fluence hormone metabolism and hormone 6. Explain the mechanism of receptor-mediated en-

action? docytosis of a hormore that binds to a GPCR.

3. How would a large increase in the GTPase activity /- What is the importance of the GEF activity of a

of Gsa affect signaling throuh GPCRs linked to GPCRio its ability to signal?
Gsa? 8. Explainhow PLC generatestwo second messengers.

SUGGESTED READINGS

Huang CC, Tesmer JJ: Recognition in the face of diversity: Interac-

7-Helix transmembrane receptors tions of heterotrimeric G proteins and G protein-coupled
n Adenylyl cyclase receptor (GPCR) kinases with activated GPCR&jol Chem
n Adrenal cortex 286:7715-7721, 2011.

Jean-Alphonse F, Hanyaloglu AC: Regulation of GPCR signal
networks via membrane traffickingMol Cell Endocrinol
. 331:205-214, 2011.
@ For full list of keywords and concepts see Studefke RA, Giles WR: Natriuretic peptide C receptor signalling in the
Consult heart and vasculaturd, Physiob86:353-366, 2008.



ENDOCRINE FUNCTION OF THE
GASTROINTESTINAL TRACT

OBJECTIVES

1. Understand the role of well-established Gl hormones n The regulation of secretion from the exocrine pancreas

associated with the following four major aspects of and the gallbladder and their associated ducts
Gl physiology: n The stimulation of Gl tract growth (an enterotropic
n The regulation of gastric acid secretion and gastric action)
motility n The enhancement of nutrient-induced insulin secre-

tion by the endocrine pancreas (incretin action)

Note: A fifth general function of GI hormones, the effect on appetite, is discussed in the context of er@ngpteorBeostasis in

e begin our discussion of endocrine or transporters that allow the cell tsamplethe

physiology with the hormonal function and regulation contents of the lumen. Luminal contents, calkeztre-
of the gastrointestinal (Gl) tract. The discovery of se-togoguesstimulate specific enteroendocrine cell types
cretin in 1902 by Bayliss and Starling represented théo secrete their hormones. Thismplingor nutrient
first characterization of &dormoneas a blood-borne tastingis independent of osmotic and mechanical
chemical messenger, released at one site and actifigrces. The secretogogue mechanisms involved are
at multiple other sites. Indeed, the epithelial layer of poorly understood, but some appear to require the ab-
the mucosa of the Gl tract harbors numeroester-  sorption of the nutrient. There is also evidence for the
oendocrine cell types which collectively represent luminal secretion ofparacrine peptide factorsrom
the largest endocrine cell mass in the body. the surrounding absorptive epithelial cells that stimu-

Thediffuse enteroendocrine systens perhapsthe late hormonal release from enteroendocrine cells. As
most basic example of endocrine tissue in that it ispart of their response to luminal contents, specific
composed of unicellulaglandssituated within a sim-  enteroendocrine cell types display distinct localiza-
ple epithelium. Most enteroendocrine cells, calledtions along the Gl tractTable 2-). We will see that
open cellsextend from the basal lamina of this epithe- these localizations are central to the regulation and
lium to the apical surface (Fig. 2;Jalthough there are  function of each cell type.
alsoclosed enteroendocrine cells, which do not ex-  In the simplest model of enteroendocrine cell func-
tend to the luminal surface. The apical membranestion, a hormone is released from the basolateral mem-
of open enteroendocrine cells express either receptofisrane in response to the presence of a secretogogue at

27
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1. Specibc luminal secretogogues
(e.g., H*, amino acids, fatty acids)
stimulate OopenO enteroendocrine cell at apical surface

\/
Epithelium of mucosa
that lines the lumen
of the Gl tract

FIGURE 2-1n F:Iosed and open P q OClosedo type cell
enteroendocrine cells. Entero- | aiqq regulated by ¥ Does not reach lumen
endocrine cells sit within the neuronal, paracrine, ¥ Must be regulated by
simple epithelium of the Gl and endocrine inputs ' neuronal, paracrine, or

tract. “Open” cells extend from endocrine inputs

the basal lamina to the lumen.
“Closed” cells do not reach
the lumen. Both cells secrete
hormones that enter capillaries
in the lamina propria beneath
the epithelium.

mone enters
ic blood vessels
ina propria

Y
Arterial supply Venous return
(to the hepatic portal vein)

the luminal side of the cell. The secreted hormone dif-luminal concentration of its secretogogue diminishes,
fuses into blood vessels in the underlying lamina pro-thereby terminating the secretion of the hormone.
pria, thereby gaining access to the general circulation. This simple model of the enteroendocrine system
Circulating GI hormones regulate Gl tract functions does not fully account for the integration with other
by binding to specific receptors at one or more sitessystemic responses to a meal. Boftenand closed
within the Gl tract and its extramural glands. In the enteroendocrine cells are regulated by éhéeric ner-
classic model, the secretion of the hormone by an entervous system (ENSand paracrine factors secreted by
oendocrine cell is subsequently terminated when theneighboring epithelial cellgintrinsic regulators of

TABLE 2-1

STOMACH DUODENUM JEJUNUM ILEUM COLON
G cell (gastrin) X ()
S cell (secretin) X X
| cell (CCK) X X (x)
K cell (GIP) X X
L cell (GLP-1) X X
L cell (GLP-2) X X
M cell (motilin) X X
Ghrelin-secreting cell X (x) (x) (x) (x)

X, Primary location of concentration; (x), less concentrated.



ENDOCRINE FUNCTION OF THE GASTROINTESTINAL TRACT 29

enteroendocrine cell function) Additionally, there are
extrinsic regulators of enteroendocrine cellsmost
notably theautonomic nervous systemand endocrine

ENTEROENDOCRINE HORMONE

EAMILIES AND THEIR RECEPTORS
All established GI hormones gpeptidesand bind to

glands that reside outside of the Gl tract. Conversely, GG-protein-coupled receptors (GPCRs; s€bapter 1)
hormones can have local (i.e., paracrine) actions on théocated on the plasma membraof target cells. Gl

afferent nerves of autonomic or enteric reflexeso

hormones, as well as their cognate GPCRs, can be or-

the response to a Gl hormone can be mediated by ayanized into gene families based on structural homol-
neurotransmitter. Thus, Gl tract function is orches- ogies. In this chapter, we discuss membershoée
trated through a complex interplay of neural and endo- enteroendocrine hormone familiesgastrin, secre-
crine responses and actions. It is not surprising,tin, andmotilin (Table 2-2.

therefore, that Gl function is often perturbed in pa-

Thegastrin family includesgastrin and cholecys-

tients with psychiatric disorders (e.g., depression) andokinin (CCK), which share a common stretch of 5

endocrine disorders (e.g., hyperthyroidism).

amino acids at the C-terminus. Gastrin binds with

The hormones secreted by the enteroendocrine sydiigh affinity to theCCK-2 receptor(previously called
tem function to maintain the health of the Gl tractand the CCK-B/gastrin receptor). CCK binds with high
its extramural glands and provide an integrated re-affinity to the CCK-1 receptor
sponse to the acquisition of nutrients. This integrated  Thesecretin familyincludes the hormonesecretin,
response to Gl hormones is due, in part, to their ability glucagon, and glucagon-like peptides (including

to regulate multiple functions of the Gl tract.

GLP-1 and GLP-2) and gastric inhibitory polypeptide

TABLE 2-2

HORMONE FAMILY

MEMBERS OF FAMILY

RECEPTOR AND PRIMARY
SIGNALING PATHWAY

PRIMARY DISTRIBUTION OF THE RECEPTOR
(RELATED TO GI FUNCTION)

Gastrin Gastrin (G cell)

CCK (I cell)

Secretin Secretin (S cell)

GLP-1 (L cell)
GLP-2 (L cell)
GIP (K cell)

Motilin Motilin (M cell)

Ghrelin (P/D1 cell)

CCK2 receptor
G -" in C&P and PKC
CCK1 receptor
G -" in C&P and PKC

Secretin receptor
Gs -" in CAMP

GLP-1 receptor

Gs -" in CAMP

GLP-2 receptor

Gs -" in CAMP

GIP receptor

Gs-" in CAMP

Motilin receptor

G -" in C&P and PKC
(also binds erythromycin)
GHS receptor type 1a (GHS-Rla)
G -" in C&P and PKC

Gastric ECL cell and parietal cell

Gallbladder muscularis and sphincter of
hepatopancreatic ampulla

Pancreatic acinar cells

Pancreatic ducts

Vagal afferents and enteric neurons

Stomach muscularis and pyloric sphincter

Gastric D cells

Pancreatic ducts and biliary ducts
Pancreatic acinar cells
G cells and pancreatic cells

b Cells of pancreatic islets

Gl tract, especially small intestine

b Cells of pancreatic islets

Gastric mucosa and muscularis

Stomach and small intestines, especially in smooth

muscle cells and enteric neurons

Pituitary and hypothalamus
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(GIP; more recently referred to agucose-dependent the small intestine, the duodenum. The layers of the
insulinotropic peptide—see later). This family also stomach wall carry out two basic functions: secretion
includes the neurocrine factoyasoactive intestinal and contraction/relaxation.
peptide (VIP). The corresponding GPCRs for each
member of the secretin family of peptides are also struc- ) ) )
turally related. These receptors are all primarily coupledOVerview of Regulation of Gastric
to Gs signaling pathwaythat increase intracellular cy- Secretion and Motility
clic adenosine monophosphate (CAMP) in target cells.The innermost layer of the stomach wall, thastric
Themotilin family includes the hormonesotilin mucosa contains glandular and surface mucus-
and ghrelin. Ghrelin was originally identified as a producing epithelia and can be divided into proximal
growth hormone secretogogue (GHS) but is mostand distal segments. Two of the proximal portions of
abundant in the fundus of the stomach. The receptorsthe stomach (fundusndbody) contain the main gas-
for motilin and ghrelin are GPCRs that are linked to tric mucosal glandsHig. 2-3. Within these glands, the
Ga-g/phospholipase/IR pathways which, in turn,  parietal cellssecretdHClI, which is important for hy-
stimulate potein kinase G andC&P -dependent sig-  drolysis of macromolecules, activation of proenzymes,
naling pathways(seeChapter 1). and the sterilization of ingested food. Parietal cells
Many Gl peptidesare also expressed by tissuesalso secrettrinsic factor, which is a glycoprotein
outside of the Gl tract. Pathophysiologically, Gl pep- required for the efficient absorption of vitamin;B
tides can be secreted in an uncontrolled manner from The glands of the fundus and body also contain the
tumors. Other physiologic sites of production include chief cells which secretdigestive enzymes (e.g., pep-
other endocrine glands (e.g., the pituitary gland) and sinogen, gastric lipase). A third cell type, thecous
reproductive structures. Several peptides are producedell, is found in the neck of the gastric glands and on
by the central (CNS) and peripheral (PNS) nervousthe surface throughout the stomach. Mucous cells se-
systems, where they are used as neurotransmitters @rete mucigens, which buffer and protect the lining of
neuromodulatory factors. For example, cholecystoki-the stomach, particularly in the vicinity of the main
nin (CCK) is expressed in the neocortical region of thegastric glands. Because gastric enzyme and mucus pro-
CNS and the genitourinary-associated nerves of thaluction is primarily under nervous control, with little
PNS. As for its role in the CNS, CCK has been linkedendocrine input, we focus here on gastric acid secre-
to anxiety and panic disorders. This also means thation and motility.
receptors for these peptides also reside within the The distal part of the gastric mucosa, thgloric
CNS, the PNS, and probably other non-neural tissuesantrum, has an important enteroendocrine function.
Thus, a pharmacologic agent (agonist or antagonist)This part of the stomach contains two types of “open”
related to a specific Gl peptide can potentially haveenteroendocrine cells. TH8 cellssecretegastrin, a
a wide range of effects, depending on its stabilityhormone, and theD cells secretesomatostatin a
and whether it can cross the blood-brain barrier. paracrine factor. These two peptides act antagonisti-
The possibility also exists that extra-Gl sites of synthe<€ally in a negative feedback loop to regulate gastric
sis can “spill over” into the general circulation and blood flow, cell growth, secretion, and motility (see

affect GI function. later). D cells are also found within the fundus and
body region, where they directly inhibit parietal cell

GASTRIN AND THE REGULATION secretion. .

OE GASTRIC EUNCTION An outer layer of the stomach wall, the muscularis

externa, is composed of smooth muscle. The relaxa-
The stomachacts as a food reservoir. People eat distion of this muscle allows distention and storage,
continuously and typically eat more at one sitting than and its contractions ultimately move the partially
their Gl tract can process immediately. Thus, thedigested food ¢hyme into the duodenum. There
stomach holds the ingested food and gradually releasese two gateways into and out of the stomach. These
partially digested food (chyme) into the first part of are the lower esophageal sphincter (LES) and the
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‘ Fundus of stomach
>

Lower esophageal ¢

sphincter

Body of
stomach

Pyloric sphincter FIGURE 2-2n Anatomy of the stomach.

vo

Antrum of stomach

Duodenum

pyloric sphincter, respectively. The LES allows swalalthough patients with agastrin-producing tumor
lowed food particles to enter the stomach and protects(Zollinger-Ellison syndrome)can present with ulcer-
the esophagus from the reflux of acidic chyme. Theation of the esophagus, stomach, and duodenum.
pyloric sphincter operates in conjunction with the  The general model of gastric control in response to a
muscularis externa to allow only small particles of meal can be organized into three phases. Géghalic
digested chyme to escape the stomach and entgrhasewhich accounts for about 20% of the response to
the duodenum. The pyloric sphincter also preventsa meal during the digestive period, is activated by the
backflow of chyme into the stomach. actual or imagined smell and sight of food, or by the
In general, regulation of gastric function involves presence of food in the mouth. The cephalic phase is
the stimulation of secretion and motility as needed associated with increased gastric secretion but de-
(i.e., in the presence of food), and the inhibition of creased motility, in anticipation of the need to store
gastric secretion and motility as acidic chyme reducesnd start digesting food. Thgastric phasewhich ac-
the pH of the stomach, or as chyme moves into thecounts for about 10% of the postprandial response, is
small intestine and colon. In this way, the stomachactivated by the presence of food in, and mechanical
avoids excessive acid secretion in the absence of buifflistention of, the stomach. During the gastric phase, se-
ering foodstuffs. Further, the portion of the Gl tract cretion is strongly stimulated, and this is accompanied
below the stomach protects itself from exposure to ex-by an increase in peristaltic contractions and gastric
cessive amounts of acid, which is both damaging to theemptying. The third phase is thietestinal phase dur-
intestinal lining and inhibitory to the activity of intes- ing which an acidic mixture of partially digested food
tinal enzymes. Additionally, the small intestine, in (chyme) moves in a regulated manner through the py-
which the majority of digestion and absorption oc- loric sphincter into the small intestine and ultimately
curs, controls the flow rate of food into and through into the colon. The processes of enzymatic digestion
the small intestines in order to optimize digestion and absorption that occur during the digestive phase
and absorption of nutrients, salts, and water. The in- account for 70% of the digestive period. The movement
ability to properly regulate acid secretion and its flow of food into the lower Gl tract generally moderates both
into the intestine usually gives rise to duodenal ulcersgastric secretion and emptying.
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granules that generates C-termini peptides. Processing
of these intermediates also includes the cyclization of
Gastric HCI secretion from parietal cells is stimulatedth€ glutaminyl to a pyroglutamyl residue. The third
by three pathways: stage involves the amidation of the C-terminus to pro-
) ) ) ] ] o duce amidated gastrins. The primary secreted bioac-
n Paracrine stlmuilatlon _by histamine, whlph_ls tive product of human G cells is G-17 (i.e., 17
secreted by neighboring enterochromaffin-like  aming acids). The pyroglutamyl residue at the amino
(ECL)_ cells terminus and the amidation of the C-terminus protect
n Enteric nervous system and vagal parasympa- G.17 from digestion by circulating aminopeptidases
thetic nervous system stimulation via gastrin-  ang carboxypeptidases. G-17 binds with high affinity
releasing peptide (GRP) and acetylcholine to the CCK2 receptor and is responsible for all of the
n Direct and indirect hormonal stimulation by the gastrin effects on the stomach. The last four amino
peptide hormonegastrin acids assign gastrin-like biologic activity to G-17. A
Gastrin is produced by the G cells of the stomachsynthetic, clinically used form of gastripentagas-
antrum and proximal duodenum. In humans, the trin, contains the last four amino acids, plus an ala-
term gastrinrefers to a 17-amino acid peptide that nine at the amino terminus that confers increased
has modifications at both termini (G-37 In fact,  stability.
the production of G-17 is an excellent example of During the cephalic phase, gastric HCI secretion is
how a peptide-encoding gene gives rise to multiple stimulatedby vagal (parasympathetic) inputs. Pre-
larger precursors, which are also secreted into theganglionic vagal efferentsactivateenteric neurons
blood. G-17 is the product of sequential posttransla-that directly stimulate th@arietal cellsand stimulate
tional processing gbreprogastrin, which can be gen- the release ohistamine from ECL cells(Fig. 2-9.
erally characterized in three phas€sy( 2-3. In the  Theseactions are mediated bgcetylcholing which
first phase, sulfation and proteolysis generate a mixbinds to themuscarinic receptor Vagal stimulation
ture of gastrin precursors, callegrogastrins.The  of gastrin is mediated by the neurocrine factGiRP,
second phase involves proteolysis within secretoryeleased fronenteric neurons
¥ Sulfation of tyrosyl residue near C-terminus
¥ Endoproteolysis into several fragments
A

¥ Further endoproteolysis

FIGURE 2'3'? Processing of ¥ Cyclization of glutaminyl residue at N-terminus to a pyroglutamyl
preprogastrin. residue

I
¥ Further endoproteolysis of larger fragments into 17-amino acid

C-terminal peptide, which is primary product of G cells in humans
¥ Amidation of C-terminus

.
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. To heart <« Regulation of

. gastric HCI secretion during the
Preganglionic

}
. cephalic phase of a meal. The
vagal ACh >G Enteric * > & thought, sight, or smell of food,
or the presence of food in the
mouth, stimulates acid secretion
through the vagal preganglionic
parasympathetic nerves, which
“ stimulate the release of acetylcho-
>0 > line (ACh) from postganglionic
vy, enteric nerves. Enteric nerve fibers
A A secreting ACh stimulate parietal
— cells directly and through the
A release of histamine from entero-
s chromaffin-like (ECL) cells. Gas-
—celt— trin is also stimulated by enteric
4 A neuronal fibers that release gastrin-
V- N releasing peptide (GRP). As a hor-
’G @ mone, gastrin levels increase in the
A general circulation. Gastrin stimu-

v lates gastric HCI secretion by bind-
cells (and, to a lesser extent, on
parietal cells).

During the gastric phase, gastrin secretion from Gleads to exocytosis of histamine-containing secretory
cells is primarily stimulated by the presence of pep-vesicles. Gastrin also increases histamine synthesis
tides and amino acids in the lumen of the antrum and storage by increasing the expression of histidine
(Fig. 2-5. Gastrin secretion can also be stimulated decarboxylase, which generates histamine from histi-
by stomach distentionas detected bynechanosen- dine, and type 2 vesicular monoamine transporter
sors during the gastric phase, acting through local (VMAT-2), which transports and concentrates hista-
neuronal pathways, and throughvagovagal reflex  mine into the secretory vesicles. Thus, gastrin coordi-
Circulating gastrin levels increase by several-folchates both the secretion and synthesis of histamine in
within 30 to 60 minutes after ingestion of a meal. = ECL cells. Histamine, in turn, stimulates HCI secretion

The primary action of gastrin is the stimulation of in a paracrine manner by binding to thé, receptor
HCI secretion by the parietal cells of the gastric gland®on nearby epithelial parietal cells. Gastrin also has a
within the fundus and body of the stomach. To accom- direct, although less important, effect on parietal cells.
plish this, gastrin must enter and circulate through the  During theintestinal phaseof a meal, the decrease
general circulation and then exit capillaries and ven-in gastric contents relieves the stimulation of G cells by
ules within the lamina propria of the gastric mucosa amino acids and peptides, and by distention-induced
in the body and fundus (i.eupstreanof where gastrin  vagovagal pathways. The decrease in gastric contents
is released within the stomach). also reduces the buffering capacity of the gastric lu-

Gastrin evokes HCI secretion primarily through men. Thus, during the intestinal phase and the inter-
binding to theCCK2 receptoion ECL cellsECL cells, digestive period, the acidity of the stomach decreases.
which reside in the lamina propria of the gastric mu- When the pH falls below 3, acid stimulates Deells
cosa, producdiistamine in response to gastrin (see to secrete the paracrine peptidegmatostatin So-

Fig. 2-5. Gastrin binding to the Gg-coupled CCK2 re- matostatin acts through its receptors (SS-R) to inhibit
ceptor on ECL cells increases intracellulafCavhich  gastrin secretion from neighboring G cel&d. 2-6.
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Regulation of
gastrin secretion during the
gastric phase of a meal. Luminal
amino acids and peptides
strongly stimulate G cells in
the antrum to secrete gastrin.
Gastrin secretion and HCI secre-
tion are also stimulated by stom-
ach distention through local and
autonomic (vagovagal) reflexes.

FIGURE 2-6n Regulation of gas-
trin secretion during the intestinal
phase of a meal. The exit of food
(chyme) from the stomach lumen
reduces buffering of HCI. A low
pH stimulates D cells to release
the paracrine factor, somato-
statin (SS), which inhibits gastrin
secretion from neighboring G
cells. The exact nature of physio-
logic enterogastrones in humans
is not well established. Candi-
dates include secretin and gastric-
inhibitory peptide (gip) from the
small intestine, and peptide yy
from the ileum and colon.
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Gastrin release and gastric emptying are als
inhibited during the intestinal phase by the release%ﬁTTEHREoEEyggglﬁlé\lEENEC?RUEL?glON
of hormones and neural signals from the small AND GALLBLADDER

intestine and colon in response to acidity, hyperto-

nicity, distention, and specific molecules (e.g., fattyThe exocrine pancreass an extramural gland that
acids). These hormones are collectively referred t@mpties its secretory products through a main ex-
asenterogastrones. The identity of the physiologic cretory duct into the GI tract at theduodenum
enterogastrones in humans that inhibit gastric acid (Fig. 2-7. Theacini of theexocrinepancreagproduce
secretion remains uncertain but includes candidatessnzymes necessary to digest macromolecules in the
such assecretin and GIP from the duodenum small intestine. Pancreatic enzymes have optimal ac-
and jejunum andpeptide YYand GLP-1from the tivities at a neutral pH. Accordingly, the cells that line
distal ileum and colonCCK is a well-established thepancreatic ductssecrete aicarbonate-rich fluid,
inhibitor of gastric motility and emptying. CCK  which serves to neutralize acidic chyme in the duode-
is released from the duodenum and jejunum in num. Thegallbladderis also an extramural organ. It
response to the presence of luminal fatty acids (seeeceivedile that is secreted by thiéser. Bile is both
Fig. 2-6). stored and concentrated in the gallbladder. Bile is

Bile duct

Accessory pancreatic duct

Minor duodenal papilla Main pancreatic duct

Major duodenal papilla

Hepatopancreatic ampulla

FIGURE 2-7n Anatomy of the common bile duct, pancreas, pancreatic duct, and duodenum. The gallbladder (not shown)
stores and concentrates bile from the liver. Contraction of the gallbladder and relaxation of the sphincter of Oddi
(surrounds the hepatopancreatic ampulla) allows bile to flow down the common bile duct into the duodenum.
Pancreatic enzymes and bicarbonate reach the duodenum via larger and larger ducts that eventually form the main
pancreatic duct. This duct joins the common bile duct just before it reaches the duodenum, to form the
hepatopancreatic ampulla.nsetshows a higher magnification of the exocrine pancreas. The termini of the secretory
units are the pancreatic acini, which secrete enzymes. The ductal epithelium secretes a bicarbonate-rich fluid. Note
that the ductal epithelium of the common bile duct also secretes a bicarbonate-rich flu{l. Elsevier. Drake et al:
Gray’s Anatomy for Studentsyww.studentconsult.tom
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released into small intestine through tbemmon bile  acinar cells and gallbladder contraction. This dual reg-
duct, which usually joins thenain pancreatic ductto ulation allows for fine-tuning of the qualitative nature
form the hepatopancreatic ampullgust before open- of the product (e.g., in terms of the percentage of
ing into the duodenum (se€ig. 2-3. A major func-  bicarbonate and protein in pancreatic juice) that is
tion of bile is the emulsification of triglycerides finally secreted into the duodenum.
to increase their accessibility to pancreatic lipase. The classic model for secretin and CCK action on
In order to perform this function, aggregates (called the pancreas is that the appearance of acid, long-chain
micellef of bile acids and other lipids are required. fatty acids, and glycine-containing dipeptides and
Micelle formation requires neutral or slightly tripeptides in the duodenum stimulates thepen
alkaline conditions. Accordingly, thepithelial cells  enteroendocrine cells to secrete the two hormones.
of the common bile ductsecrete &icarbonate-rich  Secretin and CCK then circulate in the blood and bind
fluid . to their specific receptors on either ductal or acinar
Pancreatic and gallbladder functions are primarily cells, respectivelyr{g. 2-9.
regulated by the autonomic nervous system during However, there is evidence that secretin has
the interdigestive period (pancreatic secretion occurpermissive effectson CCK actions, and vice versa.
in phase with the migrating myoelectric complex Moreover, it is also clear that the autonomic and en-
[MMC] in humans), and during the cephalic and gas- teric nervous systems have a permissive effect on the
tric phases of the digestive period. However, duringsecretin and CCK actions. The neurotransmitter,
the intestinal phase when these glands are most ac- ACh, and asecretin-related enteric neurocrine pep-
tive, they are predominantly under endocrine control tide, VIP, stimulate pancreatic ductal and acinar cells
by two Gl hormonessecretinand CCK. Secretin pri- and synergize with secretin and CCK. Patients who
marily regulates ductal secretion of a bicarbonate-richhave aviPoma (i.e., a tumor producing high levels
fluid from both pancreatic and bile ducts. CCK pri- of VIP) suffer from pancreatic diarrhea because of a
marily stimulates enzyme secretion from pancreaticconstant high level of pancreatic secretion into the gut.

Duodenal
lumen
Pancreatic juice
. . reaches the duodenum
Secretin < < H via the pancreatic duct
and hepatopancreatic
‘ ampulla
©
Fatty acids,
CCK« <« dipeptides,
FIGURE 2-8n Hormonal regula- tripeptides
tion of pancreatic secretion by —
secretin and CCK.
CCK1R

PV © )
& - ED & D
Q > Pancreatic enzymes
» Bicarbonate-rich fluid
Q@a@@
T Secretin-R

Duodenal hormones reach the exocrine
pancreas via general circulation
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similar to gastrin, with the 5 amino acids at the carboxyl

Secretinis produced bys cellsin the duodenum and terminus identical to both hormones. CCK is also sul-
jejunum. Similar to gastrin, secretin is produced by fated on a tyrosine that is the seventh amino acid from

posttranslational processing of a largeeprosecretin e carboxy terminus. CCK binds primarily to the
molecule. Most secretin is a carboxyl amidatedCCK1 receptor(formerly called theCCKA receptypr
27-amino acid peptide. whereas gastrin preferentially binds to the CCK2 recep-

The primary stimulus for secretin release is ator. Both hormones can weakly interact with the other’s
decrease iduodenal pH The threshold pH value for éceptor, and desulfation of CCK increases its affinity

secretin release is 4.5. Circulating secretin levels increal@ the CCK2 receptor. The CCK1 rg(geptor is linked
rapidly (approximately 10 minutes) after acidified {© Protein kinase C—dependent and ‘Cadependent

chyme passes through the pyloric sphincter into the du-Pathways. . o
odenum. The exact mechanism by which khduces The primary stimulus for CCK secretion is the pres-
secretin release from S cells is unclear. There is evidengB¢€ oflong-chain fatty acidsor monoglyceridesin
for a direct action of 1 on S cells as well as evidence forthe small intestine (sef&g. 2-§. CCK secretion is also
indirect actions through enteric neurons and through a induced by glycineantaining dipeptides and tripep-
phospholipase #+like secretin-releasing factor tides. The mechanism by which any of these act to
The primary short-term action of secretin is the stimulate CCK release is obscure, although there is
stimulation of the secretion of dicarbonate-rich  SOMe evidence for a postabsorptive effect of lipids after
fluid from the pancreaticand biliary ducts during ~ their assembly into chylomicrons. There is also evi-
the intestinal phase of the digestive period (see dence for a CCK-releasing peptide (CCK-RP) that is
Fig. 2-9. Secretin acts through theecretin receptoy released luminally from enterocytes and stimulates
which islinkedto cAMP-dependent pathways. Signal- CCK release through binding to a CCK-RP receptor
ing from the secretin receptor opens apical Chan- N the apical membrane of | cells. Like secretin,
nels gystic fibrosis transmembrane conductance CCK primarily regulatespancreatic and biliary
regulator or CFTR) thereby increases the flow of function. In the pancreas, CCK stimulates enzyme

transport Cl (and, through paracellular osmotic Secretion from the acinar cells (séég. 2-9. The
drag, water) into the lumen. Clis then exchanged CCK1 receptor increases intracellular DAG and"Ga

for HCOs . Upregulation of this process by secretin Which_results in the exocytosis of enzyme-_containing
can occur through the opening of preexisting CFTR secretion gr_anules. CCK_ also h_as a permissive effect
transporters in the apical membrane and through the N th(_a ability of secretin to stimulate bicarbonate
exocytotic insertion of transporter-containing vesicles Secretion. _

into the membrane. The importance of the CFTR chan-  CCK is a strong stimulator ogallbladder con-

nel to pancreatic function underlies the dysfunction of fraction, and CCK deficiency disorders have been
pancreatic secretion observed in patients vagstic  linked to impairment of gallbladder contraction
fibrosis. and cholelithiasis (gallstone3. CCK induces gall-

Secretin also binds to its receptor on the pancreatico/adder contraction both directly and indirectly
acinarcells. Although secretin hasminimal effecton  through activation of vagal afferent neurons. CCK
acinar cells by itself, secretin synergizes with the hor@!SO stimulates bile secretion into the duodenum
mone CCK to further enhance pancreatic enzymethrough promotingrelaxation of the sphincter of
secretion over that achieved by CCK alone. Secretiff'® hepatopancreatic ampulla (sphincter of Oddi)

may also function as aenterogastroneby inhibiting This latter action on hepatobiliary functiqn i.s .Iikely
stomach acid secretion. due to the CCK-dependent release of inhibitory

neurotransmitters such as nitric oxide, from enteric
o neurons. As mentioned, CCK alsohibits gastric
Cholecystokinin emptying, which reduces duodenal acidity and
CCKis a 33-amino acid peptide produced by theells  allows emulsification, digestion, and absorption of
of the duodenum and jejunum. CCK is structurally lipids.
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and glucagon-like peptide-1(GLP-1). These peptides

(or analogs thereof) are currently being investigated

for the treatment of type 2 diabetes mellitus (see
Moatilin is a 22-amino acid peptide produced from a Chapter 3. An important feature of incretins is that their
114-amino acidprepromotilin and secreted by the ability to increase insulin secretion is strongly dependent
M cells of the small intestine. Motilin secretion is on glucose levels. This means that incretin analogs pose a
inhibited by the presence of food or aciéh the small  low risk for inducing severe hypoglycemia (low blood
intestine and isstimulated by alkalinization of the  sugar) because once blood glucose falls, the effect of
small intestine. incretins is terminated.

Circulating motilin levels peak every 1 to 2 hours  In general, GIP and GLP-1 act through Gs-coupled
in fasting individuals, in phase with thdMC. The  receptors orb cells, which increase cAMP. This acts in
MMC is a set of organized contractions that move a permissive or synergistic manner with the main glu-
aborally from the stomach to the ileum and clean cose/adenosine triphosphate (ATP)-dependent path-
the stomach and small intestines of indigestibleway that leads to an increased intracellulafCand
particles. The MMC may also prevent the colonic the release of insulin. For example, cAMP-EPAC sig-
bacteria from migrating into the small intestine. naling (seeChapter ) may promote the docking
Motilin may function to either initiate or integrate and regulated edcytosis of secretory vesicledigells.
the MMC. Incretins also enhance the synthesis of insulin and

The motilin receptor is a GPCR that activates the of proteins that sensitize the cells to glucose levels,
phospholipase C signaling pathway. The motilin recep-such as the glucose transporter, GLUT-2, and
tor also binds and is activated by the macrolide antibi- hexokinase.
otic, erythromycin (seeTable 2-2. Erythromycin and
other mdilin receptor agonists are used in the treat- ~ i Inhibitory Peptide/Glucose-
ment of delayed gastric emptyingygstroparesiy

L . ; R __Dependent Insulinotropic Peptide
which is common in patients with diabetes mellitus i ) i i
and in some postsurgical patients. GIPis a 42-amino acid peptide secreted by kheells

of the small intestine and is a member of the secretin
gene family. The@rimary stimulus for GIP release is

INSULINOTROPIC ACTIONS OF the presence dbng-chain fatty acids, triglycerides,
GASTROINTESTINAL PEPTIDES gluco_se, and amino acidé the lumen of the small
(INCRETIN ACTION) intestine.

GIP was first discovered as an enterogastrone in an-
Elevated circulating levels of nutrients, particularly imal models, in which it inhibited gastric acid secre-
blood glucose, are strong stimuli of insulin secretiontion and intestinal motility. However, physiologic
from the pancreatid cells (se€hapter 3. The pos- levels of GIP have only a modest effect on stomach
sibility that GI hormone also regulate the secretion functionin humans. In contrast, GIP has an important
of insulin was revealed by observations that oral adphysiologic role as an incretin. GIP knockout mice dis-
ministration of glucose caused a greater rise in insulinplay a reduced ability to maintain normal blood glu-
than did glucose administered by an intravenouscose levels after an oral glucose load (impaired glucose
route. Thisenteroinsular responsegave rise to the tolerance).

concept ofincretins. In this model, an enteroendo- In rare cases, th&IP receptoris inappropriately
crine cell type senses nutrients in the Gl tract andexpressed on cells of the zona fasciculata of the adrenal
releases ahormone (an incretin), which, inturn, preparescortex (se€hapter §. These patients display enlarged
the pancreatib cells for the impending rise in blood nu- adrenals&indfood-induced hypercottisolism. In these
trients (primarily blood glucose). There are two incretins patients, food in the small intestine stimulates the re-
in humans, gastric inhibitory peptide (GIP; also re- lease of GIP, which then stimulates cortisol production
ferred to agjucose-dependeninsulinotropic peptide), by the adrenal cortex (s&ghapter 7).
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inhibitors of enzymatic degradation are currently
The glucagon genés an example of a gene that en- under investigation for enhancing pancreatiecell
codes a large precursor proteipréproglucagon, function in type 2 diabetic patients.
which is proteolytically processed to form active and

inactive peptidesHig. 2-9. Furthermore, theorohor- ENTEROTROPIC ACTIONS OF
mone convertasethat digest preproglucagon display GASTROINTESTINAL HORMONES

cell-specific expression, so different products are re-
leased from different cell types. In tlaecells of the  Animportant characteristic of many hormones is their
endocrine pancreas, the active productgiscagon ability to promote the growth of their target tissues.
(seeChapter 3. In contrast,intestinal L cellsexpress This tropic effect helps to maintain the health and in-
preproglucagon but secre@lP-1and GLP-2as bio-  tegrity of the target tissues and optimizes the ability of
logically active peptides. GLP-1 is stimulated by thetarget tissues to perform their differentiated functions.
presence dfree fatty acids and glucosi the lumen  In addition to the actions of Gl hormones on the
of the ileum and colon. GLP-1 secretion is also in- maintenance of healthy Gl structure and physiology,
creased by neuronal pathways stimulated by free fattyhe tropic actions of Gl hormones are of current
acids and glucose in the upper small intestine. GLP-1 iglinical interest for several reasons, including the
co-secreted with the other glucagon-derived peptide following:
GLP-2,and peptide YY (which is not structurally re-
lated to glucagon). The tropic effect of GLP-2 is dis-n The promotion of hypertrophy and hyperplasia of
cussed later. Gl tissues, which sometimes progress to cancer, by
Like GIP, GLP-1 acts as an incretin. GLP-1 knock- the excessive secretion of a Gl hormone (usually
out mice have impaired glucose tolerance. GLP-1, from a tumor)
along with peptide YY, also appears to be a component The ability of the Gl tract to adapt to a diseased por-
of theileal brake, in which free fatty acids and carbo-  tion of the tract, and/or corrective surgery that in-
hydrates in the ileum inhibit gastric emptying through  volves resection or bypass of a Gl segment
increased secretion of GLP-1 and peptide YY. This en= The ability to grow new pieces of Gl tissue in vitro
terogastrone action of GLP-1 further enhances the (i.e., tissue-engineered neointestine) from pluripo-
ability of the organism to control excessive blood glu- tential or stem cells, which can be used for replace-
cose excursions. A problem with the therapeutic use ment of diseased or resected portions
of native GLP-1 is the fact that it is rapidly degraded.» The ability to promote pancreatic islet growth and
The use of more stable analogs, caliedndins and neogenesis in diabetic patients

GLP-1 GLP-2 Cell-specific processing of
preproglucagon.
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receptor function may shift the cell toward net

In addition to its well-established role in the regula- Proliferation.
tion of gastric acid secretion, gastrin exerts several
other effects on the stomach and Gl tract. The secondslucagon-like Peptide-1

most important action of gaStrin is itdevelopmental One of the most exciting and promising aspects of
and trophic effecton the gastric mucosa. Gastrin  enterotropic actions of GI hormones is theopic
knockout mice display poorly differentiated gastric effect that GLP-1 has on pancreatic islet develop-
mucosa, with a reduced number of ECL and parietalment and growth, particularly with respect to the
cells. In contrast, patients suffering from Zollinger- p cells, GLP-1 has been shown to induce differentiation
Ellison syndrome (see earlier) exhibit hypertrophy of human islet stem cells into cells in vitro. In mice
and hyperplasia of the gastric mucosa, as well as emgnd rats, GLP-1 and exendin-4 have protected against
larged submucosal rugal folds. Overgrowth is particu-syrgically and chemically induced diabetes, increased
IarIy true for the ECL cell population. Although ECL b-cell mass and neogenesisi and inhibleckll apop-

cell proliferation can progress toarcinoid tumor  tosjs. Further, GLP-1 receptor knockout mice do not
formation, this is rare and usually requires other display exendin-4-induced regeneration of islets after
abnormalities. As discussed earlier, progastrin an(bartial pancreatectomy. Thus, GLP-1 or analogs may
glycine-extended gastrin (G-Gly) appear to promote pecome valuable reagents in the treatment of diabetic

the proliferation of colonic mucosa. patients whosé-cell mass has been compromised.
Gastric acid, through its effects on D cells and
somatostatin release, inhibits the growth of G Ce"S‘GIucagon-Iike Peptide-2
Thus, long-term inhibition of gastric acid production ; ) ) )
(e.g., with pharmacologic proton pump inhibitors or GLP-2is co-secretedvith GLP-1by theintestinal L

H, receptor blockers) can lead to an overgrowth ofce”? UnIiI§e GLP-1, GLP-2 doe; not have an insulino-
antral G cells. tropic action. GLP-2 binds to its own receptor (the

GLP-2 receptor) and hapotent trophic effects on

] o the intestines In fact, evidence of this effect was first
Secretin and Cholecystokinin discovered in a patient who presented with a massive
CCK has a direct effect opancreatic acinar cells overgrowth of the small intestine. The patient was also
that promotes their maintenance and growth found to have a tumor in the kidney that was produc-
Secretin inhibits pancreatic ductal cell growth inglarge amounts of glucagon-related peptid&isP-2
through binding to the secretin receptor. In contrast, has been used farevent mucosal atrophyn patients
the secretin-related neurotransmitteV,IP, stimu- receiving total parenteral nutrition, and firomotes
lates ductal growththrough theVIP receptor(called intestinal growth and adaptationin patients un-
VPAC, recepton. In someductal pancreatic adeno- dergoing resection of bowel. GLP-2 also has positive
carcinomas the secretin receptor is defective, but effects on hexose transport antely enhance other
the VPAG receptor is intact. Thus, loss of secretin absorptive functions of intestinal villi.
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SUMMARY

1. Gastrointestinal (GI) hormones are produced by 4. Motilinis secreted by the M cells of the smallintestine

enteroendocrine cells. Gl hormones are peptides
or proteins and bind to G-protein-coupled recep-
tors on their target cells. Gl hormones are pro-
duced by specific cell types that reside in specific
regions of the Gl tract. The secretion of Gl hor-
mones is stimulated primarily by luminal secreto-
gogues and by neuronal (enteric and autonomic) 5.
and paracrine signals.

. Gastrin plays a major role in the stimulation of gas-
tric acid secretion. Gastrirs isecreted by G cells in
the stomach antrum in response to amino acids and
peptides in the antral lumen and in response to neu-
ronal stimulation. The primary secreted form of gas-
trin by the stomach is the 17-amino acid G-17 form.
G-17 has a cyclized glutaminyl residue at its N-
terminus and an amidated glycine at its C-terminus,
whichincrease the biologic half-life of secreted gastrin.
Gastrin binds to the CCK2 receptor and acts primarily
by stimulating enterochromaffin-like cells (ECL cells)
to secrete histamine. Histamine then stimulates the
parietal cells of the stomach to secrete HCI. 6.
. The major enteroendocrine cells of the duodenum
and jejunumare the S cells and I cells, which secrete
secretin and cholecystokinin (CCK), respectively.
Secretin is released primarily during theestinal
phase of a meal in response to increased acidity in
the duodenum. Secretin promotes the secretion of
a bicarbonate-rich fluid from the bile duct and pan-
creatic ducts, which empty into the duodenum.
CCK promotes the contraction of the gallbladder
and relaxation of the sphincter of the hepatopan- 7.
creatic ampulla, thus promoting the emptying of
bile into the duodenum. CCK also stimulates
enzyme secretion from pancreatic acinar cells.

during the interdigestive phase (i.e., in between
meals), in phase with the migrating myoelectric com-
plex. Motilin promotes emptying of the stomach and
small intestines. The motilin receptor is activated by
erythromycin, which can be used totreat delayed gas-
tric emptying (gastroparesis).

Gl hormones called incretins are secreted in
responseo luminal nutrients (especially glucose)
and increase the ability of blood glucose to stimulate
insulin secretion from the pancreatic islets of Lan-
gerhans. Incretins include gastric inhibitory peptide
(GIP), which has been named more recently for its
incretin effect as glucose-dependent insulinotropic
peptide. GIP is secreted from the K cells of the small
intestine. Another important incretin is glucagon-
like peptide-1 (GLP-1), which is secreted by the in-
testinal L cells. Because of their ability to sensitize
insulin-producingb cells to glucose, incretins are
being tested for the treatment of type 2 diabetes mel-
litus (T2DM; seeChapter 3.

Gl hormones also have important trophic effects.
Gadrin stimulates he growth of the gastric
mucosa, especially the ECL cells and submucosa.
Secretin and CCK promote the growth of exocrine
pancreas tissue. GLP-1 promotesgell prolifera-
tion, which may prove an important function of
GLP-1 in the treatment of T2DM. GLP-2, which
is related to, but is a separate hormone from,
GLP-1, promotes Gl mucosal growth and is used
to treat patients at risk for Gl mucosal atrophy.
Zollinger-Ellinger syndrome is caused by a gastrin-
producing tumor. Patients have ulcerations of the
esophagus, stomach, and duodenum and overgrowth
of the stomach mucosa and rugal submucosal folds.
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3. What is the relation between gastric emptying and
gastrin secretion from duodenal S and | cells?

) _ ) 4. What are the effects of CCK on the following?
What are the three phases of the digestive period? 5 pancreatic bicarbonate secretion

Which one has the greatest release of gastrin? Why? |, pancreatic enzyme secretion

2. When administered during the interdigestive c. Biliary bicarbonate secretion
period, what arethe predicted effects on gastrin d. Contraction of the gallbladder muscularis
secretion of the following experimental agents? e. Contraction of the sphincter of Oddi

a. A somatostatin antagonist What is the relation between GLP-1 and glucagon?
b. A mix of amino acids in the antral lumen

o

o at 6. Defineincretin Name two incretins.
¢. Increased acidity in the antral lumen 7. What enterotropic effect is observed in patients
d. A muscarinic agonist with Zollinger-Ellisonsyndrane?
e. Gastrin-releasing peptide 8. Why does erythromycin promote gastric emptying?

SUGGESTED READINGS
Fourmy D, Gigoux V, Reubi JC: Gastrin in gastrointestinal diseases,

Acetylcholine Gastroenterology1:814-818, e811—e813, 2011.
n Amidated gastrins Ishii H, Sato Y, Takei M, et al: Glucose-incretin interaction revisited,
n Autonomic nervous system Endocr 58:519-525, 2011.

Poitras P, Peeters TL: MotiliGurr Opin Endocrinol Diabetes Obes
15:54-57, 2008.
. Rehfeld JF: Incretin physiology beyond glucagon-like peptide 1 and
@ For full list of keywords and concepts see Studentgycose-dependent insulinotropic polypeptide: Cholecystokinin
Consult and gastrin peptideg\cta Physio?01:405-411, 2011.



ENERGY METABOLISM

OBJECTIVES

1. Provide an overview of energy metabolism with empha- 3. Cover the hormonal regulation of specific enzymatic

sis on maintaining blood glucose within the normal pathways.

range. 4. Discuss the role of adipose tissue as an endocrine organ.
2. Introduce the primary hormones involved in the regula- 5 piscuss imbalances in energy metabolism and their

tion of energy metabolic homeostasis. consequencedn type 1 and type 2 diabetes mellitus.

@ Note: See Key Pathways Involved in Energy Metabolism on Student Consult.

OVERVIEW OF ENERGY The regulation of energy metabolism serves to
METABOLISM maintainadequate levels of intracellular ATP in all cell
types (especially the brain) at all times, while keeping
intracellular and circulating energy substrates within
normal ranges. Thus, energy metabolism needs to be

. . : . i . viewed from both the single cell and the organismal
their differentiated functions Kig. 3-). The resting points of view, and with the appreciation that the

metabolic rate of humans constitutes about 60% to : : ) .

. : . “details of energy metabolism and its regulation vary
70% of total potential energy expenditure. Cells derive :

: . : among different cell types.

their energy to perform this work from the universal en-
ergy carrieradenosine triphosphate (ATR)The enzy- ) L
matic hydrolysis of the terminal phosphate group Nutrient Partitioning
(thereby generating adenosine diphosphate, or ADPDuring a time ofcaloric exceséi.e., during the diges-
releases a significant amount of energy that is coupledive period shortly after a meal, referred to as fed
to and drives many other energetically unfavorable re-staté), a fraction of nutrients are used for ATP produc-
actions. Cells need a continual supply of ATP. This istion, and excess fuel is partitioned into variaisrage
achieved by oxidizing carbon-based fuels (also referredepots(seeFig. 3-J. Insulin is the primary hormone
to asnutrientsor energy substrae$he primary fuels that orchestrates fuel use and storage during the fed
are monosaccharides; free fatty acids (FFAalso state, thereby preventing blood glucose and lipids
called nonesterified fatty ac)dsamino acids (AAs) from exceeding certain thresholds. Insulin also pro-
and ketone bodies motes protein synthesis.

Cells continually perform work to grow, proliferate, and
migrate; to maintain their structural integrity and inter-
nal environment; to respond to stimuli; and to perform

43
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A
Oxidation >
Energy sources <>
that can be used for ATP
synthesis. FFAs, free fatty acids; < > > "

AAs, amino acids; KBs, ketone
bodies. Note that KBs do
not exist in the diet, but are
made by the liver. Insulin drives
storage, whereas glucagon and
catecholamines drive use for ATP.

-
Glucagon >
Catecholamines

During a time ofcaloric deficit (i.e., interdigestive  the assembly of organelles. There are seveaater
period between meals, sleeping, and fasting, referrecegulatory nutrient and energy sensorthat monitor
to as thefasting state or during physical work or ex- intracellular nutrient levels and the relative amount of
ercise, referred to &kercisg, the stored depots of fuel ATP to balance anabolic pathways with catabolic ones.
are mobilized and burned. Also, during the fasting Two of these regulatory factors amammalian target
state, the liver synthesizes two fu@hicose and ke-  of rapamycin complex-1 (mMTORC1and adenosine
tone bodies)from various carbon sources and exports monophosphate (AMP)-activated kinase (AMPK
these fuels for use by extrahepatic tissuesHge8-)). also a multimeric complex). In the presence of insulin
Glucagm and catecholamines represent the primaryand high levels of intracellular nutrients (amino
hormones that induce the mobilization of energy acids, glucose) that signal an abundance of carbons,
stores and new synthesis of glucose and ketone bodiegsTORC1 promotes energy-consuming anabolic path-
during the fasting state, thereby preventing blood glu-ways, such as ribosomal RNA production and ribo-
cose from declining to dangerously low levels (seesome assembly, protein synthesis, and lipogenesis
later). Glucagon and catecholaminealso promote (Fig. 3-3. Also, activation of mTORCL1 inhibits the
proteolysis and the release of amino acids. consumption of intracellular macromolecules and

Several other hormones, includingprtisol and  organelles for energy and survival, a process termed
growth hormone, also play important rolesinthe mo- autophagy In contrast, a drain on energy supply
bilization of energy stores, the control of circulating associated with an elevation of AMP levels, or an
glucose and lipids, and the balance between proteinndication of high energy use such as elevated intra-
synthesis and degradation; these are discussed muscular Ca" levels and or reduced Qactivates
Chapters sand 7. AMPK (seeFig. 3-3. Hormones associated with a

Importantly, all cells must balance energy needdasting state (ghrelin, adiponectin; discussed later)
with other uses of carbon, especially the synthesis ddilso activate AMPK. Active AMPK inhibits anabolic
macromolecules (lipids, nucleic acids, proteins) andpathways (in part by inhibiting mTORC1 activity)

\
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Mitogenic
growth factors
High O, \ mTORC1 and AMPK act as

MTORC1 B4 nutrient and energy sensors and regulate

l l metabolism in conjunction with hormones.
. ad

P
Anabolic Catabolic
pathways pathways
P

and promotes energy-generating catabolic pathwaysyorsediabetes mellitus (DM), imposes a broad range
including glycolysis anb-oxidation of FFAs (see later). of stresses on cells that ultimately are manifested by
Although other important energy-sensing factors existthe compromised function or failure of specific
in cells, mMTORC1 and AMPK have emerged as twargans. As discussed later, DM also causes serious
centrally important factors involved in cellular energy metabolic and osmotic derangements as well as
balance, and the interaction of these two complexegardiovascular complications. Thus, the fed-related
with hormonal signaling is discussed later. hormone, insulin, maintains blood glucose levels be-
In thinking about the regulation of intracellular en- low the upper normal limit (i.e., below 100 mg/dL
ergy metabolism in different metabolic states (fed vs.for an overnight fasting glucose).
fast), one should always keep in mind that th&in Circulating levels of lipids, notably FFAs, triglycer-
normally relies exclusively on glucose for energy. Asdes (TGs), and cholesterol, are closely linked to glu-
an obligate glucose userthe function of the brain cose metabolism and need to be kept below specific
is critically dependent on circulating levels of blood thresholds. As a fed-related hormone, insulin also
glucose, much as it is dependent on a continuous supplays an important role in the maintenance of blood
ply of oxygen. A fall in blood glucose levels belowlipids below these thresholds. Abnormally high blood
60 mg/100 mL (i.e.acute hypoglyceminfirst leads lipid levels can lead to the accumulation of TG and
to a response by thautonomic nervous system other lipids in nonadipose tissue organs (called
(sweating, nausea, heart racing). Further decline irectopic lipid; especially in liver and skeletal muscle).
blood glucose causeseuroglycopenia, which is  Thisectopic TG and lipidcompromise the ability of
associated withimpaired central nervous system insulin to regulate glucose and lipid levels (ternied
functions, including the loss of vision, cognition, sulinresistanyand increases the risk for type 2 diabe-
and muscle coordination, as well as lethargy and weaktes (T2DM) and cardiovascular disease.
ness.Severe hypoglycemiaan ultimately lead to

coma, cpnvulsions, and death. Thus, a major role OfGENERAL PATHWAYS INVOLVED

the fasting-related hormones (glucagon, catechol-

amines) is to maintain blood glucose levels abovel'N‘ENERG—Y—MEIAB—O‘LLS‘M—

60 mg/100 mL. A discussion of the metabolic pathways involved in en-
Conversely, it is important that fasting blood glu- ergy metabolism is beyond the scope of this book. An

cose levels remain below 100 mg/100 mL. Chronic eloverview of the pathways involved in ATP production,
evation of glucose, due tglucose intoleranceor, fuel storage and use, the production of new fuels
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(glucose and ketone bodies) by the liver, and the pro-10% of these islets and secrete the hormglneagon
duction and metabolism of lipoprotein particles is The third major cell type of the islets within these re-
provided in the Supplement to Chapter 3 on the Stu- gions is thel (D) cells, which make up about 5% of the
dent Consult site. For a more in-depth discussion of cells and produce the peptide somatostatin (gastric
these pathways, the student is encouraged to consutomatostatin was discussedGhapter 2 as an inhib-

a biochemistry text (e.g., Baynes JW, Dominiczakitor of gastrin secretion). A fourth cell type, the F cell,
MH: Medical Biochemistry2nd ed., Philadelphia, represents about 80% of the cells in the islets situated

2005, Mosby.) within the posterior portion of the head of the pan-
creas (including the uncinate process) and secretes
KEY HORMONES INVOLVED the peptide pancreatic polypeptide. Because the phys-

IN METABOLIC HOMEOSTASIS iologic function of pancreatic polypeptide in humans

_ remains obscure, it is not further discussed here.
Endocrine Pancreas Blood flow through the islets is somewhat autono-
The islets of Langerhansconstitute the endocrine mous from the blood flow to the surrounding exocrine
portion of the pancreasHig. 3-3. About 1 millionis-  tissue. Insulin secreted from the innlercells reaches
lets, making up about 1% to 2% of total pancreatic the outera cells. Consequently, the first cells affected
mass, are spread throughout the pancreas. The isleBy circulating insulin are the cells, in which insulin
are composed of several cell types, each producing iahibits glucagon secretion.
different hormone. In islets situated in the body, tail,
and anterior portion of the head of the pancreas (all of |nsulin
which have a common embryologic origin), the most
abundant cell type is thk cell. Theb cells make up
about three fourths of these cells of the islets and pro
duce the hormondnsulin. Thea cellsmake up about

Insulin is the primary anabolic hormone that is re-
sponsible for maintaining the upper limit of blood
‘glucose and FFA levels. Insulin achieves this by the fol-
lowing mechanisms:

1. Promoting glucose uptake and use by skeletal mus-
cle and adipose tissue

2. Increasing glycogen storage in liver and skeletal
muscle

3. Suppressing glucose output by the liver

E 4. Promoting TG synthesis and storage in the liver

and adipose tissue

5. Promoting the clearance of chylomicrons from the
blood

6. Suppressing lipolysis of adipose TG stores

Insulin also promotes protein synthesis from
amino acids and inhibits protein degradation in
peripheral tissues. Finally, insulin regulates metabolic
homeostasis through effects on satiety.

Insulin Structure, Synthesis, and Secretimulin isa
protein hormone that belongs to a gene family that
also includes insulin-like growth factors | and Il
(IGF-1, IGF-11), relaxin, and several insulin-like pep-
FIGURE 3-31 Islet of Langerhans (1) surrounded by exocrine tides. Organized, functionalislets appear in the human
pancreatic tissue (E), but separated by a connective tissue pancreas at the beginning of the third trimester of ges-
capsule (C). tation. Insulin gene expression and islet cell biogenesis
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and proinsulin has about 7% to 8% of the biologic ac-
tivity of insulin. Measurements of C peptide in the
blood are used to quantify endogenous insulin pro-
duction in patients receiving exogenous insulin, which
has been purified from C peptide.

Insulin has about a 5-minute half-life and is cleared
rapidly from the circulation by receptor-mediated en-
docytosis. Itis degraded by lysosomal insulinase in the
liver, kidney, and other tissues. Because insulin is se-
are dependent on several transcription factors (e.g.greted into the hepatic portal vein, almost one half
hepatocyte nuclear factor-4 [HNFajt HNF-1a, or of the insulin is degraded before leaving the liver. Re-
HNF-1b; pancreatic and intestinal homeobox-1 combinant human insulin and insulin analogs are now

[PDX1]; neuroD1) Box 3-1). available, with different characteristics of onset and
The insulin gene encodeseproinsulin. Preproin-  duration of action and peak activity.
sulin is converted toproinsulin as microsomal Serum insulin levels normally begin to rise within

enzymes as the peptide enters the endoplasmic reticitO minutes after food ingestion and reach a peak in
lum. Proinsulin is packaged in the Golgi apparatus 30 to 45 minutes. The higher serum insulin level rap-
into membrane-bound secretory granul®soinsulin idly lowers blood glucose to baseline values. When in-
contains the amino acid sequenceimgulin plus the  sulin secretion is stimulated, insulin is released rapidly
31-amino acid C (connecting) peptide and four link- (within minutes), and this is called the early phase of
ing amino acids. The proteases that cleave proinsulininsulin secretion. If the stimulus is maintained, insulin
prohormone (or proprotein) convertase-2 and -3, are secretion falls within 10 minutes and then slowly rises
packaged with proinsulin within the secretory vesicle.over a period of about 1 hourHjg. 3-5. The second
The mature hormone consists of two chairss) a phase is referred to as thete phase of insulin release
chain and ab chain, connected by two disulfide The early phase of insulin release probably involves re-
bridges Fig. 3-9. Insulin is stored in secretory vesicles lease of preformed insulin, whereas the late phase rep-
in zinc-bound crystals. Because the entire contents ofesents the release of newly formed insulin.

the granule are released, equimolar amounts of insulin  Glucoseisthe primary stimulus of insulin secretion.
and C peptide are secreted, as are small amounts déblucose entry intd cells is facilitated by th€LUT-2
proinsulin. C peptide has no known biologic activity, transporter (see the Supplement to Chapter 3 on the

Structure of insulin.
(Modified from Koeppen BM, Stanton BA,
editors:Berne & Levy Physiologth
ed., Philadelphia, 2010, Mosby.)
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voltage-gated C& channels.Increased intracellular
C&P levels activatexocytosisof secretory vesicles.

CLINICAL BOX 3-1

Heterozygous mutations in any one of the islet tran-
scription factors, as well as glucokinase (see later), re-
sultin progressively inadequate production of insulin.
This leads to MODY, which typically manifests before
25 years of age.

CLINICAL BOX 3-2

The ATP-sensitivePKchannel is a protein complex
that contains an ATP-binding subunit called SUR1
This subunit is also activated bgulfonylurea and
meglitinide drugs, which are used as oral agents to
treat hyperglycemidn patients with partially impaired
b-cell function. Rare mutations in the ATP-sensitive
KP channelthat keep it in the openconformation,
thereby blocking glucose-induced insulin secretion,
result in early-onset diabetes.

20 30 Glucose is the primary stimulus for insulin secre-
tion. When serum glucose levels rise, insulin secretion
is stimulated; when the levels fall, insulin secretion de-
Biphasic response of insulin secretion to creases to baseline. Certamino acids(leucine) and
glucose infusion.(Modified from Koeppen BM, Stanton Bgagal (parasympathetic) cholinergic innervation
editorsBerne & Levy Physiolog§th ed., Philadelphia, 2010,(j.e., in response to a meal) also stimulate insulin
Mosby.) through increasingintracellular Ca?® levels (see
Fig. 3-§. Long-chain FFAsalso increase insulin
secretion, although to a lesser extent than glucose
and amino acids. FFAs may act through a G-protein-
Student Consult site for a list of GLUT isoforms). coupled recepto(GPR40)on the b-cell membrane
Once glucose enters the cell, it is phosphorylated or as a nutrient that increases ATP throudh
to glucose-6-phosphateny the low-affinity hexoki- oxidation (seerig. 3-6.
nase,glucokinase Glucokinase is referred to as the  As discussed inChapter 2 nutrient-dependent
glucose sensor of thecell because the rate of glucose stimulation of insulin release is enhanced by there-
entry is correlated to the rate of glucose phosphorylatin hormones glucagon-like peptide-1 (GLP1and
tion, which, in turn, is directly related to insulin secre- gastric inhibitory peptide (GIP) and possibly other
tion. Heterozygous mutations in glucokinase are onegastrointestinal (Gl) hormones (e.g., cholecystokinin
defect that leads to inadequate insulin release in pafCCK], secretin, and gastrin). These act primarily by
tients with maturity-onset diabetes of youth (MODY). raising intracellular cyclic AMP (cAMP) which
Glucose-6-phosphate is metabolizedbsells, increas-  amplifies the intracellular G& effects of glucose (see
ing the intracellular ATP/ADP ratio and closing an Fig. 3-9. Intracellular cAMP acts both througphos-
ATP-sensitive ® channel (Fig. 3-§. This results in  phokinase A (PKA)-dependent and EPA@{(change
depolarization of theb-cell membrane, which opens protein activated by cAMP)-dependent pathways

Minutes
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Sulfonylurea drugs

,.y Sur subunit

ca?
ACh
> MR
, adrenergic receptor
GRPAD * . .
41 Epinephrine

norepinephrine

Insulin
secretion

FIGURE 3-6n Regulation of insulin secretion fronb cells by nutrients (glucose, amino acids, FFAs) and the hormones/
neurotransmitters, glucagon-like peptide-1 (GLP1), epinephrine, norepinephrine, and acetylcholine (ACh).

(seeChapter ) in b cells. Incretin hormones do not as a homodimer composed o&/b monomers
increase insulin secretion in the absence of glucose. (Fig. 3-3. The a/b monomer is synthesized as one
Insulin secretion is inhibited byas-adrenergic  protein, which is then proteolytically cleaved, with
receptors, which are activated lepinephrine (from the two fragments connected by a disulfide bond.
theadrenal medullg and norepinephrine (fronpost-  The twoa/b monomers are also held together by a di-
ganglionic sympathetic fibers The aj,-adrenergic  sulfide bond between tha subunits. Thea subunits
receptors are coupled to &i-containing trimeric are external to the cell membrane and contain the hor-
G-protein complex that inhibits adenylyl cyclase mone-binding site. Théd subunits span the mem-
and decreases cAMP levels (B&e 3-§. Adrenergic brane and contain tyrosine kinase on the cytosolic
inhibition of insulin serves to protect against hypogly- surface.
cemia, especially during exercise. Although somato- Insulin binding to the insulin receptor induces the
statin from D cells inhibits both insulin and b subunitsto cross-phosphorylate each other on three
glucagon, its physiologic role in pancreatic islet func-tyrosine residues. These phosphotyrosine residues
tion is unclear. recruit three classes of adaptor proteins: th&ulin-
receptor substrates (IRS1-4B5hc protein,and APS
Insulin Receptoilheinsulin receptoris a member of protein. The IRS proteins are phosphorylated by
the receptor tyrosine kinase (RTK) family(see the tyrosine kinase activity of the insulin receptor.
Chapter }, which includes receptors for several other The phosphotyrosine residues on IRS recrBi3
growth factors, such as IGFs, platelet-derived growthkinaseto the membrane, where it is phosphorylated
factor (PDGF), and epidermal growth factor (EGF). and activated by the insulin receptor. P13 kinase con-
The insulin receptor is expressed on the cell membraneerts phosphoinositide-4,5-bisphosphate (PIP2)o
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Insulin receptorand

postreceptor signaling pathways.

phosphoinositide-3,4,5-triphosphate (PIP3) PIP3 4. Activation ofmTORC1 (indirectly through inacti-
recruits to the membrane and leads to the activation vation of upstream inhibitors). mMTORCL1 is a kinase
of a pleiotropic protein kinase, callgmtotein kinase complex that promotes ribosomal RNA synthesis,
B (PKB) or AKT (seeFig. 3-7. ribosome assembly, and protein synthesis. mnTORC1

PKB/AKT regulates numerous enzymes and tran- also increases SREBP1C activity.

scription factors that mediate the metabolic actions 5. Phosphorylation and inactivation of the transcrip-
of insulin. PKB/AKT acts in five general ways that tion factor, FOXO1.

largely account for the metabolic effects of insulin:

1.

The Shc protein is linked to the mitogen-activated
Phosphorylation of exocytotic components that protein kinase (MAPK) pathway (ségg. 3-7, which
induce the insertion of GLUT4 glucose transporters mediates the growth and mitogenic actions of insulin
into the cell membranes of muscle and adipose(in conjunction with the activation of mMTORC1).
tissue (see later). This action requires combined The termination of insulin receptor signaling is a
IRS/PI3K-dependent signaling and an additional topic of high interest because these mechanisms
APS adaptor protein-dependent pathway that potentially play a role irinsulin resistance. Insulin
activates a small G-protein pathway (not shown). induces the down regulation of its own receptor by

. Activation ofprotein phosphataseghat, in turn,  receptor-mediated endocytosis. Additionally, several

regulate metabolic enzymes through dephos-serine and threonine protein kinases are indirectly
phorylation. activated by insulin and by other molecules

. Induction of synthesis and activation of the lipo- (such as inflammatory cytokines) and subsequently

genic transcription factor, the sterol-regulatory ele- inactivate the insulin receptor or IRS proteins.
ment-binding protein-1 C (SREBP1CEREBP1C mTORC1 negatively feeds back on IRS proteins
stimulates the expression of enzymes involved insee Fig. 3-73. A third mechanism appears to
glycolysis, lipogenesjsand the pentose phosphate involve the activation of thesuppressor of cyto-
pathway kine signaling (SOCS) family of proteinswhich
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reduces activity or levels of the insulin receptor andonly meal stimulates insulin secretion and inhibits
IRS proteins. glucagon secretion.

Glucagon Receptdrhe glucagon receptor is a 7-trans-
Glucagon membraneeceptor primarilylinkedto Gs-containing
Glucagonis an important counter-regulatory hor-  heterotrimeric G-protein complex (se€hapter J.
monethat increases blood glucose levels through its efConsequently, glucagdncreasesntracellular cAMP
fects on liver glucose output. Glucagon promotes thelevels in the liver. The increase in cAMP initiates the
production of glucose through elevated glycogenolysi€ascade of metabolic changes associated with enzyme
and gluconeogenesis and through decreased glycolygidosphorylation. As discussed earlier, activation of
and glycogen synthesis. Glucagon also inhibits hepatiopposing protein phosphatases is one of the general
FFA synthesis from glucose. Glucagon also maintainpathways of insulin signaling.
blood glucose indirectly through stimulation of keto-

genesis, which provides an alternative energy sourcepinephrine and Norepinephrine

that leads to glucose sparing in many tissues. The other major counter-regulatory factors are the
Glucagon Structure, Synthesis, and Secrét®dis- catecholamines epinephrineand norepinephrine.
cussedn Chapter 2 gucagn is a member of the se- Epinephrine and norepinephrine are secreted by the
cretin gene familyPreproglucagon is proteolytically adrenal medulla(seeChapter §, whereas only nor-
cleaved in thgancreatic isleta cellin a cell-specific  epinephrine is releasd from postganglionic sympa-
manner to produce the 29-amino acid glucagon (referthetic nerve endings The direct metabolic actions
to Fig. 2-10in Chapter 2). Glucagon is highly con- of catecholamines are mediated primarily by-
seved among mammals. and bs-adrenergic receptorslocated on muscle,
Likeinsulin, glucagon circulates in an unbound form adipose and liver. Like the glucagon receptor,
and has a short half-life (about 6 minutes). The predom- b-adrenergic receptors are linked to a Gs signaling
inant site of glucagon degradation is the liver, which de-pathway that increases intracellular cAMP. Epineph-
grades as much as 80% of the circulating glucagon in onene also promotes glycogenolysis and gluconeogene-
pass. Because glucagon (either from the pancreas ais through thea, adrenergic receptor, which is
the gut) enters the hepatic portal vein and is carried tocoupled to the Gg/IP3/DAG signaling pathway.
the liver before reaching the systemic circulation, a large Catecholamines are released from sympathetic nerve
portion of the hormone never reaches the systemic circuendings and the adrenal medulla in response to de-
lation. The liver is the primary target organ of glucagon, creased glucose concentrations, stress or alarm, and ex-
with lesser effects on adipose tissue. ercise. Decreased glucose levels (i.e., hypoglycemia) are
As discussed later, glucagon opposes the action@imarily sensed by hypothalamic neurons, which ini-
of insulin. Thus, several factors that stimulate in- tiate a sympathetic response to release catecholamines.
sulin inhibit glucagon. Indeed, it is the insulin-to- Catecholamines circulate in the blood as free hor-
glucagon ratio that determines the net flow of hepatic mones, and both circulating and tissue catecholamines
metabolic pathways. A major stimulus for glucagon are rapidly enzymatically inactivated (S€eapter 7.
secretion is a drop in blood glucose, which is primar-

ily an indirect effect of the removal of inhibition by .
insulin (Fig. 3-§. Circulating catecholamines, which :\I/\III'EI'EAC\;I??%\I:I!CE:DHSMFC?SI\-ZQSCI)?: THE
inhibit insulin secetion through aj-adrenergic HORMONAL AND SUBSTRATE/
receptors, stimulate glucagon secretion throumh PRODUCT REGULATION OF

adrenergic receptors (sd€g. 3-§. Serum amino METABOL IC PATHWAYS
acids also stimulate glucagon secretion. This means

that a protein meal will increase postprandial levelsThe hormonal regulation of the major metabolic path-
of glucagon along with insulin, thereby protecting ways, with emphasis on key regulated enzymes and
against hypoglycemia. In contrast, a carbohydrate{ransporters, is presented in this section.Three organs
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FIGURE 3-8 n Inter-
action of insulin, glu- [
cagon, and catecho- [ Blood
lamines in the regula- & glucose
tion of each other and E
of blood glucose (the
primary secretogogue
for insulin). (Modified

* Increase hepatic glucose production:

: Glycogenolysis
from Koeppen BM, Starge Gluconeogenesis
ton BA, editorsBerne JH » Decrease hepatic conversion of glucose to
& Levy Physiologysth [ glycogen or lipids
ed., Philadelphia, 2010  Decrease uptake by adipose and muscle

* Increase hepatic ketogenesis

« Increase release of gluconeogenic substrates
from muscle and adipose

* Increase HSL and release of FFAs from adipose

—EE
) Sympathoadrenal

Moshy.)

play predominant roles in energy use and storage: th&nergy Metabolism During the Fed State
liver, skeletal muscleandadipose tissueAfourthor- - pying the fed state, insulin drives the storage of

gan, thehypothalamus through its own metabolic  eycess calories and the new synthesis of cellular mac-
pathways and in response to hormones and nutrients,;molecules and organelles.

also plays a key role in the acquisition, use, and

storage of fuels. We will also introduce additional Hepatic Metabolism of Nutrients in the Fed State
hormones that originate from theGl tract and Anatomic Consideration3 he liver is anatomically
adipose tissueand modulate energy metabolism. As and functionally situated between the GI tract
stated earlier, an overview of key metabolic pathwayand the heart. The main veins that drain the Gl tract
and lipoprotein metabolism is available on Student of its ingested nutrients all converge to form the
Consult (see the Supplement to Chapter 3 on thehepatic portal vein A portal vein is one that ends
Student Consult site). in a capillary bed before reaching the heart. In the
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case of the hepatic portal vein, it receives theATP and NADH will allow the diversion oitrate
venous drainage of the Gl tract and then ends atinto the cytoplasm, where it is converted to malonyl
the hepatic sinusoids (draisoid is a discontinuous coenzyme A (CoA) and ultimately fatty acyl Céde
capillary). This means thathe liver is the first novo lipogenesis)Citrate can also provide carbons
organ to receive the ingested carbohydrates andor cholesterol synthesis (not shown). Some glucose
amino acids before they reach the general circulaalso enters th@entose phosphate pathway (PPP)
tion (TGs bypass the liver at first because they entethereby generating NADPH, which is required for
lymphatics as chylomicron particles). The liver islipogenesis and defense against oxidative damage.
also the first organ to respond to hormones and Fatty acyl CoAs are modified (e.g., desaturated)
cytokines from the pancreas and intra-abdominal and ultimately esterified to glycerol-3-P to produce
adipose tissue. TG. However, the export of TG and other lipids as

The Big PictureGlucoseenters theliver and is  very-low-density lipoproteins (VLDLS) is sup-
stored agylycogen (glycogen synthesisthe normal  pressed during the fed state. The breakdown of glyco-
maximal amount of glycogen in the liver is about 80 g gen(glycogenolysis}o glucose and the production
(Fig. 3-9. Glucose is then diverted intglycolysis  of glucose from 3-carbon glucogenic molecyigsi-
generating pyruvate. Pyruvate enters thearbox- coneogenesis)are both suppressed by insulin,
ylic acid (TCA) cycle to produce reducing equiva- thereby reducing hepatic glucose production (see
lents (NADH, FADH) for use in ATP synthesis Fig. 3-9. Fatty acyl oxidation andketogenesisare
through oxidative phosphorylation but excess also suppressed (sEg. 3-9.

Glycogenolysis
G-6-Phosphatase
Glycolysis

PDH

ATP

Overview of metabolic pathways in the liver during the fed stdgkack arrowsnd the fast stagg¢orange arrows)
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Amino acids are assembled into proteins through
activation of mTORC1 by both amino acids and
insulin. Amino acids are also used for the synthesi 5

. ENE ENZYME PATHWAY
of other macromolecules (e.g., heme, nucleotides)-
Amino acids, in particular glutamine and glutamic GCKR  Glucokinase (hexokinase-4)  Glycolysis
acid, also provide carbons (aa-ketoglutarate) PKLR  Pyruvate kinase (liver and red Glycolysis
to the TCA cycle(anaplerosis)as a replacement blood cells)
for carbons exiting the TCA cycle as citrate ACLY  Adenosine triphosphate and  De novo lipogenesis
. citrate lyase
(cataplerosis) y

. ACACA Acetyl coenzyme A (CoA) De novo lipogenesis
As the fed state progresselsylomicron remnants carboxylase-1(acetyl CoA

enter the hepatocyte through receptor-mediated en- carboxylase)

docytosis, releasing TG to be packaged into VLDLACACB Acetyl CoA carboxylase-2  De novo lipogenesis

later (sed-ig. 3-9. Circulating FFAs (as FFA-albumin (acetyl CoA carboxylask)

complexes) are diminished during the fed state (se&ASN  Fatty acid synthase De novo lipogenesis
adipose tissue below), so the uptake of FFAs by th@ePD  Glucose-6-phosphate Pentose phosphate pathway
liver is minimal. dehydrogenase (hexose monophosphate

All of these metabolic pathways are orchestrated by shunt)

insulin. As discussed earlier, a major insulin-activated

transcription factor is SREBP1C. The genes and en-

zymes stimulated by SREBP1C are listethible 3-1  Intracellular Transport and Trapping of
Monosaccharidegested monosaccharides (glucose,
fructose, and galactose) reach the liver sinusoids and

Hormonal Regulation of Key Reactions in flow down their concentration gradient into hepato-
the Liver During the Fed State cytes through a bidirectional, facilitative transporter,
See the Supplement to Chapter 3 on the Student Con<alledGLUT-2 (Fig. 3-1Q. GLUT2 is alow-affinity,
sult site for additional figures. high-capacity facilitative transporterwell suited to

FOXO1
SREBP1c a
G-6-1RL
PKB/AKT FOXO1 gene oxg

Regulation of
v

glucokinase (GK) and glucose-6-

phosphatase (G-6-P’ASE) during
fed (black arrowsind fast (orange

arrowsptages.
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moving high amounts of absorbed glucose during and Insulin, acting through the PKB/AKT signaling

soon after a meal. GLUT-2 expression or localizationpathway, stimulates the new synthesis of glucokinase

at the cell membrane 3ot regulated. through activation of SREBP1C. Insulin drives the nu-
Intrahepatic glucose (galactose is efficiently con-clear localization of SREBP1C, which in turn drives

verted to glucose) is trapped by phosphorylation to glucokinase gene expression (§ég 3-10. Insulin

glucose-6-phosphate by the enzynmglucokinase also inhibits expression of glucose-6-phosphatase

(GK). As discussed previously for the pancredtic through the inactivation of FOXO1. Nuclear FOXO1

cells, glucokinase has a low affinity and high,Y  stimulates glucose-6-phosphatase gene expression.

Thus, glucokinase, which is a member of titexoki-  PKB/AKT phosphorylates FOXO1, thereby sequester-

nase family of enzymeds paired with GLUT-2 inthe ing the transcription factor in the cytoplasm (see

b cell and hepatocyte. The glucokinase reaction id-ig. 3-10.

irreversible and is opposed by the enzygiecose-

6-phosphatasgseeFig. 3-10. Storage of Glucose as Glycodmesulinincreases the ac-
Hepatic glucokinase is tightly regulated by metab-tivity of glycogen synthase several ways-{g. 3-1).

olitesand by insulin (se€ig. 3-10. In the absence of Insulin indirectly increases glycogen synthase through

glucose, glucokinase is sequestered in the nucleus liycreased expression of glucokinase because high levels

binding to glucokinase regulatory protein (GKRR)  of glucose-6-phosphate allosterically increase glycogen

Increased glucose promotes the dissociation okynthase activity.

glucokinase from its regulatory protein and transloca- Insulin also increases the activity gqirotein

tion into the cytoplasm, where it converts glucose phosphatase-{see-ig. 3-1), which dephosphorylates

to glucose-6-phosphate. The downstream product,and thereby activates glycogen synthase. Insulin also

fructose-6-phosphate, inhibits glucokinase by pro-inactivates glycogen synthase kinase-3which, in

moting its sequestration. turn, promotes the accumulation of dephosphorylated

Regulation
of glycogen synthesis (black
arrowsfed) and glycogenolysis
(orange arrovfast).
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(active) glycogen synthase. Insulin may also preventthe Another major allosteric activator of PFK1 is the
futile cycle of glycogen synthesis and glycogenolysiglycolytic side product, fructose-2,6-bisphosphate
through inhibition of glycogen phosphorylasdsee (seeFig. 3-13. Fructose-2,6-bisphosphate is produced
Fig. 3-1). Insulin-activated protein phosphatase-1 de- from fructose-6-phosphate by thphosphofructose
phosphorylates and inactivatgdycogen phosphory- kinase-2 (PFK2) function of the bifunctional enzyme,
lase as well asphosphorylase kinase Glycogen PFK2/fructose-2,6-bisphosphatasdhe PFK2 func-
phosphorylase is also inactivated by glucose, glucos¢ion of the enzyme is active when the enzyme is
6-phosphate, and ATP. dephosphorylated by an insulin-activated protein
phosphatase-1 (sé@. 3-12. Thefructose-2,6-bispho-
GlycolysisGlucose is also metabolized through the sphatase functionis active when the enzyme is
glycolytic pathway. Once glycogen stores are filledphosphorylatedby a glucagon- and catecholamine-
glycogen synthesis ceases, further increasing the fliactivated protein kinase A (s€@. 3-12. Through the
of glucose through glycolysis. There are two hor-generation of fructose-2,6-bisphosphate, insulin par-
monally regulated cytoplasmic enzymes within gly-tially offsets the inhibitory actions of ATP and cytoplas-
colysis (after glucokinase): phosphofructokinase-1mic citrate on PFK1. This allows glucose to continue
(PFK1) and liver-specific pyruvate kinase (PK-L). through the glycolytic pathway during the fed state.
Phosphofructokinase-ThePFK1reaction converts The opposing reaction that converts fructose-1,6-
fructose-6-phosphate to fructose-1,6-bisphosphatebisphosphateto fructose-ephosphate is catalyzed by
(Fig. 3-12. Thisreactionisirreversible, requiring a sep- the gluconeogenic enzynfiejctose-1,6-bisphosphatase
arate enzyme, fructose-1,6-bisphosphatase, to catalyEeuctose-2,6-bisphosphate is an allosteric inhibitor of
the reverse reaction. The PFK1 reaction is one of thdructose-1,6-bisphosphatase (5ég 3-12).
most tightly regulated reactions in metabolism, and  Pyruvate KinaseThe pyruvate kinasereaction is
it is also one that does not involve SREBP1C. Duringalso irreversible and convenpdosphoenol pyruvate
the fed state, PFK1 activity is moderated by high levelso pyruvate (Fig. 3-13. This reaction is coupled to
of ATP and cytoplasmic citrate (as discussed earlierATP synthesis and accounts for the net two ATPs pro-
citrate moves from the mitochondria to the cytoplasm duced by anaerobic glycolysis. Pyruvate kinase is allo-
at times when the TCA cycle is slowed down by abun-sterically activated by the upstream intermediate,
dant ATP and NADH during the fed state). In contrast, fructose-1,6-bisphosphate (see previous section). In

AMP allosterically activates PFK-1. this way, insulin activates pyruvate kinase indirectly
catecholamines
\
Protein Y
phosphatase
Hormonal regulation of

phosphofructose kinase-1 (PFK1) and fructose- s
1,6-bisphosphatase (F-1,6-bisP'TASE) by levels <* v
of fructose-2,6-bisphosphate. The dual activity ~Fructose-2,6-bisP » Fructose-6-P
enzyme, PFK2/F-2,6-bisP’TASE, acts as the A
kinase when dephosphorylated and as a 1.

phosphatase when phosphorylatedDashed

linesndicate allosteric inhibition. > E=
F-1,6-
g visP'TASE

Y
Fructose-1,6-bisP
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Fructose-1,6-bisP

-
\
\ \ \
Protein SREBP1c
phosphatase - ]
Regulation of pyruvate
| \ kinase during the fedblack arrowsjnd
( Pyruvate kinase fast (orange arrows)ates. Fructose-1,6-
kinase kinase-P G2 G pliesRlen bisphosphate is an allosteric activator
v 1 of pyruvate kinase.
Pyruvate
A
Glucagon

catecholamines

through a feed-forward mechanism that is initiated by kinase thereby activating PDH and promoting the con-
the insulin-induced production of fructose-2,6- version of pyruvate to acetyl CoAFig. 3-14. In
bisphosphate (sekig. 3-13. Pyruvate kinase is also addition, insulin stimulates PDH phosphatase, which
regulated by phosphorylation. Again, insulin activatesdephosphorylates and activates PDH.
pyruvate kinase through insulin-dependent dephos-
phorylation by protein phosphatase. Insulin also hasTricarboxylic Acid Cyclacetyl CoA(2 carbons) is con-
alonger-term effect on pyruvate kinase gene transcripdensed witroxaloacetaté4 carbons) to forntitrate, as
tion through the PKB/AKT-SREBP1C pathway (seecatalyzed bgitrate synthaseln the absence of abundant
Fig. 3-13. energy, citrate is cycled through seven reactions back to
oxaloacetate, generating 3 NADH and 1 FADWhich
Entry of Pyruvate into th@&ricarboxylic Acid Cycle will generate 11 ATPs through processing by the electron
Glycolysis generategyruvate, which can be con- transport chain and oxidative phosphorylation.
verted tolactate and HP by lactate dehydrogenase In the fed state, howeveATP and NADH are
This replenishe®lADP levels required for glycolysis abundant and allosterically inhibit two TCA reactions
to continue, and lactate dehydrogenase is activateafter citrate is formed. The slowing of the TCA cycle
by a low NADY /NADH ratio. In hepatocytes with ac- allows citrate to accumulate and ultimately flow
tive mitochondria, NADY is continually regenerated through citrate transporters into the cytoplasm. Cyto-
from NADH through the electron transport chain. plasmic citrate is the first intermediate ithe novo
This promotes the entry of pyruvate into the mito- lipogenesis(seeFig. 3-14.
chondria, where it enters thECA cycle This requires
the conversion opyruvateinto acetyl CoA, as cata- De Novo LipogenesiBe novo lipogenesisnormally
lyzed by thepyruvate dehydrogenase (PDH) com- occurs only in the liver, adipose tissue, and mam-
plex. PDH kinase is associated with the PDH mary glands. De novo synthesis of fatty acyl CoAs
complex, and phosphorylation of the PDH complex involves three hormonally regulated enzymaspP-
inhibits activity. PDH kinase iactivated by ATP, ace- citrate lyase (ACLY), acetyl CoA carboxylase (ACC1
tyl CoA, and NADH. In addition, the PDH complex and ACC2) and fatty acid synthase (FASN)Cyto-
itself isinhibited by NADH andacetyl CoAHowever, plasmic citrate is converted to acetyl CoA, and acetyl
in the face ohigh glycolytic flux during the fed state, CoA can be used for fatty acyl CoA synthesis (see
abundantpyruvate acts as a poternhhibitor of PDH Fig. 3-13 or cholesterol synthesis (not shown).
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De novo
lipogenesis from pyruvate and
TG/phospholipid  production.
ACC acetyl CoA carboxylase;
ACCOA, acetyl CoACLY ATP-
citrate lyase; CPT1, carnitine-
palmitoyl transferase; FACOA, fatty
acyl CoA; FASNfatty acid
synthase; GPAT, glycerol phos-
phate acyltransferasel.PA, lyso-
phosphatidic acid; PDpyruvate
dehydrogenasel G, triglyceride

ATP

e

Lipogenic gene
expression

ACC converts acetyl CoA to malonyl CoA, which is blood is rich with chylomicrons. Thus, the lipid made
the key substrate for production of fatty acyl CoAsin response to insulin during a meal is released as

by FASN (sed-ig. 3-13.

VLDL during the interdigestive (fasting) period and

The expression of all four enzymes (ACLY, ACC1provides an important source of energy to skeletal
ACC2, FASN) is stimulated by insulin-activated and cardiac muscle.

SREBP1(seeFig. 3-14. In addition, ACC1 activity
is increased by insulin-activated dephosphorylation
(Fig. 3-15. Conversely, ACC1 and ACC2 are phosphor-
ylated and inactivated by AMPK during the fasted state.
The production of malonyl CoA by ACC1 is also antag-
onized by AMPK-activatechalonyl CoA decarboxyl-
ase. ACC2is localized to the outer mitochondrial
membrane. The malonyl CoA generated by ACC2
directly inhibits carnitine-palmitoyl transferase-I
(CPTI) on the outer mitochondrial membrane. Thus,
ACC1 promotes lipogenesis, whereas ACC2 inhibits
fatty acyl oxidation and ketogenesis (§ég. 3-15. n
Fatty acyl CoAs are used for the synthesis of phosn
pholipidsand TG. These lipids, along with cholesterol
and cholesterol esters, are packaged into VLDL. Insun
lin acutely promotes the degradation of the VLDL n
apoprotein, apoB100. More importantly, insulin in-
hibits FOXO1, which induces the synthesis of
ApoB100 and the microsomal transport protein
(MTP) involved in VLDL assembly. This keeps then
liver from secreting VLDL during a meal, when the

NADPH Production Through the Pentose Phosphate
PathwayDe novo lipogenesis is dependent on abun-
dant NADPH as a cofactor.

NADPH is derived

primarily from the PPR Insulin promotes the flux of
glucose-6-phosphate into the PPP through the stimu-
lation of glucose-6-phosphate dehydrogenagsee
Fig. 3-9 gene transcription by SREBP1C.

In summary, in the liver, insulinpromotes the

following:

Glycogen synthesis

Glycolysis

De novo lipid synthesis, leading to production of
cholesterol, phospholipids, and TG

NADPH production through the PPP

Protein and organelle synthesis, in part through
MTORC1 (not discussed)

In the liver, insulininhibits the following:

Hepatic glucose production by inhibiting glycogen-
olysis and gluconeogenesis
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and a small G-protein pathway, blocks the retention

of the vesicles, thereby significantly increasing their

insertion into the cell membrane.
As in the liver, insulin also promotes the storage of
intramyocellularglucose by stimulatinglycogen syn-

1. mTORC1 is activated in the fed state by a combina-thesisin muscle and the use of glucose for ATP syn-
tion of increased amino acids and insulin-PKB/ thesis through glycolysis and the TCA cycle. Insulin
AKT signaling. mTORC1 stimulates protein syn- stimulates muscle-associated isoforms of hexokinases
thesis. mMTORC1 also stimulates de novo lipid (converting glucose to glucose-6-phosphate) and
synthesis through stimulating SREBP1C activity. glycolytic enzymes. Importantly, in the presence of

2. In the fed state, with a surfeit of ATP, AMPK is excessive carbohydrate intake, insulin increases TG
inactive. synthesis from glucose in skeletal muscle (through ac-

tivation of SREBP1C), which can lead &ztopic

intramyocellular TG and associated lipids. The intra-
myocellular lipid load may lead to lipotoxicity and in-
sulin resistance (see later). Note that exercise increases
intracellular C&P and the AMP/ATP ratio, both of
which stimulate AMPK, which inhibits lipogenesis
and stimulates oxidation of FFAs.

Skeletal muscle contains a large amount of protein.

During the fed state, insulin and amino acids stimulate

mTORC1, which in turn stimulates protein synthesis.

In terms of the intracellular nutrient and energy
Sensors:

Skeletal Musclér'he glucose that is not metabolized
by the liver contributes to the postprandial rise in
glucose levels in the peripheral circulatidBlucose
tolerancerefers to the ability to minimize the degree
and duration of excursions of blood glucose concen-
trations. A primary way in which insulin promotes
glucose tolerance is through promoting the uptake
of glucose into skeletal muscle (Fig. 3:1Bsulin
stimulates the translocation of preexistifgUT-4
(and GLUT-12)transporters to the cell membrane.
In the absence of insulin, GLUT transporters reside inAdipose Tissuénsulin also stimulate$sLUT4- and
GLUT storage vesiclesvhich are largely retained in GLUT-12-dependent uptakeof glucose and sub-
the cytoplasm. Insulin signaling, both by PKB/AKT sequent glycolysis in adipose tissugig( 3-17.
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Glycolysis

Regulation of
glucose uptake and use in skeletal
muscle during the fed stage.

TCA cycle

OX/PHOS

ATP

Adipose tissue uses glycolysis for energy needs, bphosphatases, which, in turn, dephosphorylate and
also for the generation oflycerol-3-phosphate inactivate hormone-sensitive lipase (HSL) and dephos-
which is required for the reesterification of FFAs into phorylate and stabilize TG droplet coat proteins
TGs (sedFig. 3-17. (e.g., perilipins) (se€ig. 3-18.

Dietary FFAs reach the adipocytes in the form of Insulin signaling also activates a nuclear receptor,
TGs within chylomicrons (refer to the Supplement cdled peroxisome proliferator-activated receptog
to Chapter 3 on the Student Consult site for a (PPARy). PPAR) promotes the differentiation gbre-
description of lipoproteins and their functions). The adipocytesinto adipocytes Expansion of the mature
TGs within the chylomicrons are digested by the extra-adipocyte population can alleviate insulin resistance
cellular lipasdipoprotein lipase. Insulin stimulates by expanding the cellular compartment where TG can
the expression of lipoprotein lipase within adipocytesbe stored safely.
and its exocytosis and migration to the apical side of As in liver and skeletal muscle, insulin and amino
endothelia of adipose capillary bedsd. 3-18. This  acids promote the protein synthesis through activa-
action of insulin thereby promotes the release of FFAgion of mTORCL1.
from chylomicrons within adipose tissue. Insulin also
stimulates translocation dhtty acid transport pro- . . .
teins (e.g., CD36) into the cell membrane. Fatty acid Overview of Energy Metabolism During the
transport proteins facilitate the movement of FFAs Fasting State
into the adipocyte and the activation of FFAs by their Several hours after a meal, nutrient levels fall, leading
conversion tofatty acyl CoAs Insulin stimulates to lower levels of insulin secretion. Consequently, the
glycolysis in adipocytes, which generatesdiyeerol-  actions of insulin on hepatic, muscle, and adipose
3-phosphate required for reesterification of FFAs tissue are attenuated. The decrease in insulin
into TGs (seeFig. 3-17. Insulin stimulates protein also relieves inhibition of glucagon secretion (see
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Regulation of

glucose uptake, lipolysis of

chylomicrons, and reesterifica-
tion of FFAs in the adipocyte

during the fed stage. HSL,

LPL hormone-sensitive lipase; LPL,

lipoprotein lipase.

TCA cycle HSL

ATP
4
A
|
A Regulation of
lipoprotein lipase (LPL) synthesis
secretion and transcellular trans-
- port to the apical membrane of
LPL v endothelial cells. CM, chylomi-
A signaling cron; CR, chylomicron remnant;
v GLYCL3P, glycerol-3-phosphate.
= o @
signaling expression

(perilipins,

Fig. 3-9. During the fast stateglucagonand cate- major consequence of low insulin is the release of
cholamines promote hepatic glucose production, Akt-induced inhibition of the transcription factor
VLDL assembly and export, FFA oxidatioandke-  FOXO1.FOXO1promotesgluconeogenesisandVLDL
tone body synthesis and releag€ig. 3-19). Another assembly in the liver.
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Glycogen

Glucose

Overview of hepatocyte
function during the fasting stage.

To muscle, heart,
adipose tissue

Used for ATP From adipose tissue

Muscle fibers import minimal amounts of glucose  The adipocytes have low GLUT-4 levels at their
because of basal levels of GLUT4 in their plasma memeell membrane and consequently cannot generate
brane. Muscle fibers switch from using glucose to usingglycerol-3-phosphate for TG synthesis. The low insu-
abundant FFAs as well agetone bodiesin a longer lin and high catecholamine levels promote lipolysis of
fast, for ATP synthesi${g. 3-20. Skeletal muscle also TG and the release of FFAs into the bloéagy. 3-2).
releasekctateandamino acids During exercise orin  Adipocytes will also switch to FFAs and ketone bodies
response to a fight-or-flight situation, muscle mobilizes for ATP synthesis.
its glycogen storesor ATP production (seéig. 3-20.

v Exercise, alarm

Used for ATP

in exercising s
muscle

> To liver for
gluconeogenesis

Overview of muscle
fiber function during the fasting stage.

To liver for
gluconeogenesis and
ketogenesis

< From adipose tissue as FFA,
from liver as VLDL

Amino acids
(esp. alanine)

Used for ATP B¢
Used for ATP B¢

From liver

KBs [
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TG
lipolysis

\ , .
To muscle, heart for ATP Overview of adipocyte
Used for ATP R FEAS g o liver for ATP and KBs function during the fasting stage.

Used for ATP Rad KBs [ From liver

PYRUVATE CARBOXYLASEUring the fast state, he-
patic pyruvate is primarily generated frolactate al-
anine, and glycerobs opposed to glucose (Fig. 3}22
Furthermae, little pyruvate is decarboxylated to

SeeFigure 3-1%or an overview. acetyl CoA by the PDH complex. Rather, pyruvate is
converted to the 4-carbon oxaloacetate fyruvate
Hepatic Glucose Production carboxylase (PC)This switch occurs primarily in re-

Glycogenolysi§lucagonandcatecholaminesact-  sponse to an increase in FFA oxidation. As discussed
ing through Gs-coupled receptorgl(icagon receptor later, adipose tissue releases FFAs during the fast state,
and b,-adrenergic receptar respectively) stimulate and FFAs are used by the liver, skeletal muscle, and ad-
PKA, leading to the phosphorylation and activation ipose tissue for ATP production during the fast state.
of phosphorylase kinasandglycogen phosphorylase FFAs are readily oxidized in the liver. Loss of insulin
(Fig. 3-1). Additionally, the loss of insulin signaling signaling decreases malonyl CoA levels, removing
prevents the dephosphorylation and activation of the inhibition on CPTI and allowing FFAs to enter
glycogen synthase. Collectively, these actions lead the mitochondria. As FFAs underdnoxidation, the
the increase imepatic glucose-6-phosphate levels massive amounts of acetyl CoA released inhibit the

For glucose-6-phosphate to leave the liver throughPDH complex, both directly and indirectly through
the GLUT-2 transporter (and contribute to hepatic activation of PDH kinase and allosterically activate
glucose production), it needs to be dephosphorylatedpyruvate carboxylase. PDH is further inhibited by
to glucose This reaction is catalyzed lglucose-6- the low activity of PDH phosphatase in the absence
phosphatasewithin the smooth endoplasmic reticu- of insulin. The oxaloacetate produced exits the mito-
lum (seeFig. 3-10. In the absence of insulin-PKB/ chondria through the malate shuttle (sE&y. 3-23.

AKT signaling, FOXO1 remains in the nucleus and PEPCKCytoplasmic oxaloacetate is converted to
stimulates glucose-6-phosphatase gene expressigrosphoenolpyruvate (PER)y PEPCK(sed-ig. 3-22).
(seeFig. 3-22. PEPCK expression is increased by glucagon- and epi-

Glycogenolysis supports hepatic glucose produchephrine-PKACREBsignaling (se€hapter } and by
tion for about 12-16 hours at the beginning of a fast. FOXO1, which remains active in the nucleus in the

GluconeogenesiSluconeogenic enzymesiclude  absence of insulin. Importantly, phosphoenolpy-
pyruvate carboxylase, phosphoenolpyruvate carbox- ruvate is not efficiently converted back to pyruvate
ykinase (PEPCK),and fructose-1,6-bisphosphatase, (a futile cycle) because glucagon and epinephrine
as well agjlucose-6-phosphatasédiscussed earlier). phosphorylate and inactivate pyruvate kinase.

All of these reactions are irreversible (i.e., opposed by FRUCTOSE-1,6-BISPHOSPHATASR the absence of in-

a separate glycolytic enzyme). Gluconeogenesis caulin signaling and increased glucagon/PKA signaling,
continue for days and weeks, as long as glucogenievels of fructose-2,6-bisphosphate decrease. This leads
substrates are delivered to the liver. toareductionin PFK1 activity, but arelease of inhibition
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Regulation of the gluconeogenic enzymes, pyruvate carboxylase (PC) and phosphoenolpyruvate
carboxykinase (PEPCK) during the fast stage. CREB, cyclic AMP response element binding protein; CPT, carnitine-
palmitoyl transferase (CPTI is in outer mitochondrial membrane; CPTII is in inner mitochondrial membrane; FATP,
fatty acid transport protein; KBs, ketone bodies (acetoacetate and hydroxybutyrate); OA, oxaloacetate; PDH, pyruvate
dehydrogenase; PK, pyruvate kinase; PKA protein kinase A.

(i.e., stimulation) offructose-2,6-bisphosphatasgsee  activate a member of the nuclear receptor family
Fig. 3-12. As this enzyme becomes activated, its sub{seeChapter 1), calle®PARa. Activated PPAR stim-
strate, fructose-2,6-bisphosphate, reaches an equilibilates the expression of CPTI and the enzymes in-
rium at a lower level. This further inhibitpyruvate  volved inb-oxidation, thereby promoting fatty acid
kinase, which is allosterically activated by fructose- oxidation. PPAR is also activated by glucagon- and
1,6-bisphosphate (séég. 3-13. catecholamine-PKA signaling and by AMPK.

The oxidation of fatty acyl CoAs requires their con-
Switch to Use of FFAs for ATP and Ketogenésis version to acetyl CoA, and the continuation of fatty
discussed earlier, adipose tissue releases FFAs duriagyl oxidation requires the regeneration of free CoA.
the fast state. These will be used by the hepatocyteghis is accomplished in the liver by the formation of
for ATP production through b-oxidation (see ketone bodies, acetoaceta{evhich degrades sponta-
Fig. 3-22. In the face of low insulin, malonyl CoA is neously toacetong, and b-hydroxybutyrate. The
not produced by acetyl CoA carboxylase-2, therebyiver does not possess the enzymes for ketone body ca-
allowing fatty acyl CoAs to enter the mitochondria tabolism. Consequently, ketone bodies are released
through the CPT transportersintrahepatic fatty into the blood (seé-ig. 3-22 and, because of their hy-
acids and fatty acid derivativesact asligands and  drophilic nature, easily circulate unbound to carrier
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proteins or particles. Ketone bodies can be used by ab-oxidation. Thus, more pyruvate is converted to
cells with mitochondria and are used by the brain dur- lactate(there is no pyruvate carboxylase or gluconeo-
ing an extended fast or starvation. genesis in muscle), and the released lactate is used by
Metformin is first-line therapy to treat patients the liver for gluconeogenesis. Skeletal muscle also
with T2DM. Metformin acts primarily at the liver, expressedipoprotein lipase (LPL) in an insulin-
which effectively transports it into the hepatocyte independent manner, and skeletal muscle LPL in-
cytoplasm. Metformin appears to target AMPK creases during the fast state and exercise. This allows
indirectly and promotes fatty acid oxidation, while skeletal muscle to import FFAs from two sources: cir-
suppressing the anabolic pathways, gluconeogenesigjlating FFA-albumin complexes and VLDL.
and de novo lipogenesis. As in the liver, PKA and fatty acids activitBARa,
which drives the process of lipid oxidation. The switch
SKELETAL MUSCLE from glucose to FFAs as a source of energy, along with
low levels of GLUT4 in the cell membrane (due to low
In the skeletal muscle, a high catecholamine-to-insulininsulin), allows the skeletal muscle $pare glucose
ratio promotes increased proteolysis and decreasetbr the brain and obligate glucose users.
protein synthesis. This results in the release of gluco- During exercise, muscle glycogen is mobilized for
neogenic and ketogenic amino acids for use by the liverATP production (seeFig. 3-23. Glycogenolysisin
Skeletal muscle is very capable of using FFAs for ermuscle is largely driven bigtracellular Ca®P, which
ergy. FFAs enter myocytes and generate high levels attivates phosphorylase kinase as #@almodulin
intramitochondrial acetyl CoA (sekig. 3-23. As in  complex. In response tcute stressr alarm, norepi-
the liver, pyruvate dehydrogenase is inhibited bynephrine is released as a fight-or-flight reaction.
the relatively abundant acetyl CoA generated byNorepinephrine signals through thai-adrenergic
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receptorthat is coupled to &g/phospholipase C sig- The adipocyte uses FFAs (and ketone bodies) for
naling pathway This ultimately causes a rapid releaseATP synthesis because it has very little access to
of intracellular Ca2P (seeChapter ). AMPis also an  carbohydrates in the fast state. The ability of adipo-
allosteric activator ofmuscle-specific glycogen phos- cytes to import glucose is very low because only basal
phorylase During exercise in a fasted individual, the levels of insulin-dependent GLUT-4 transporters are
depletion of ATP also leads to activation AMPK, localized at the cell membrane, and the adipocyte
which also activateBPARa and promotedipid oxi- does not store glycogen. The low abundance of
dation. However, AMPK also increases GLUT4 trans-glucose also results in very low levels of glycerol-3-
porters at the cell membrane, thereby increasingphosphate. This results in mimal reesterification
glucose uptake, and activates glycolysis. Thus, exercieé released FFAs back to acylglycerides, avoiding a

has the potential of causingypoglycemia futile cycle.
In summary, both skeletal muscle and adipose tis-
Adipose Tissue sue contribute to circulating blood glucose through

the release of gluconeogenic substrates (lactate, amino
acids, glycerol) and indirectly through the release of
FFAs, which allow skeletal muscle and other tissues
to consume less glucose (glucose-sparing). Finally,
release of FFAs and ketogenic amino acids supports
ketogenesis by the liver.

In adipose tissuecatecholamines(and to a much
lesser extent, glucagon) stimulate phosphorylation
of HSL andperilipin proteins that surround and sta-
bilize fat droplets Fig. 3-24. Phosphorylated peri-
lipins dissociate from the triglyceride-cytoplasm
interface and allow accessddipose triglyceride li-
pase (ATGL)and hormone-sensitive lipase, which

is activated by phosphorylation. Complete deesterifi—'A\D”:,OSE TISSUE-DERIVED

cation of TGs results in the production of FFAs and HORMONES AND ADIPOKINES
glycerol. FFAs circulate in the blood BEA-albumin

complexes and, as discussed previously, become aVhite adipose tissue (WAT) contributes to the regula-
very important source of energy substrate in muscletion of energy metabolism in the adult through the
and liver. This use of FFAs, especially by skeletal mugproduction of hormones anddipokines Adipose tis-

cle, plays an essentglucose-sparing role sue is composed of several cell types. The TG-storing

-
Y
4

Regulation of
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cell is called the adipocyte. These cells develop duringain fat in the subcutaneous depot, particularly in
gestation in humans from preadipocytes. This processhe thighs and buttockggynecoid [pear-shaped]
of adipocyte differentiation, which may continue adiposity). Finally, these two depots display differ-
throughout life, is promoted by several transcription ences in hormone production and enzyme activities
factors. One of these factors is SREBP1C, which reg§Table 3-2.
lates genes involved in FFA and TG synthesis. SREBP- Visceral adipose tissue secretes &fysonectin,
1 Cis activated by lipids as well as insulin and severalihich has beneficiakffects on insulin resistance
growth factors and cytokines. Another important through activation of PPARand AMPK. Adiponectin
transcription factor in adipose tissue is PRARPAR)  also has a strong beneficial action on cardiovascular
is a member of the nuclear receptor superfamily andvascular tissue, including exerting anti-inflammatory
the natural ligands for PPARare FFAs and their de- effects, opposing oxidative stress, and increasing
rivatives. Activated PPARpromotes expression of cell survival in response to disease or stress (see
genesinvolvedin TG storage. Thus, an increase in foodable 3-2. Visceral tissue also secretesligssn. Lep-
consumption leads to SREBP1C and PBARtiva- tin has animportant role in liporegulation in periph-
tion, which increases preadipocyte differentiation into eral tissues. Leptin protects peripheral tissues (i.e., the
small adipocytes, and an up regulation of enzymediver, skeletal muscle, cardiac musdiegells) from
within these cells to allow storage of the excess fathe accumulation of too much lipid, directing storage
The thiazolidinediones (TZDs) are pharmacologic ac-of excess caloric intake into adipose tissue. This ac-
tivators of PPAR that are used to treat insulin resis- tion of leptin, while opposing the lipogenic actions
tance and T2DM because they increase the adiposef insulin, contributes significantly to the mainte-
storage depot, but some forms of TZDs have severatance of insulin sensitivity (as defined by insulin-
serious side effects and contraindications. dependent glucose uptake) in peripheral tissues.
In addition to adipocytes, about 50% of WAT is Leptin also acts as a signal that the body has sufficient
composed of nonadipocyte cells, including residentenergy stores to allow for reproduction and to en-
connective tissue cells (e.g., fibroblasts, macrophagelpance erythropoiesis, lymphopoiesis, and myelopoi-
and a connective tissue matrix, cells associated witlesis. For example, in women suffering from anorexia
blood vessels, and cells associated with inflammatorpervosa, leptin levels are extremely low, resulting in
and immune responses. WAT also receives a rich autolow ovarian steroids, amenorrhea (lack of menstrual
nomic innervation. Several cell types contribute to thebleeding), anemia due to low red blood cell
integrated endocrine function of WAT. production, and immune dysfunction, which pro-
WAT is divided into subcutaneousand intra- motes lipid oxidation and glucose uptake and use
abdominal (visceral)depots. Intra-abdominal WAT in nonadipose tissue.
refers primarily to omental and mesenteric fat and is  Visceral adipose tissue secretes nmaofamma-
the smaller of the two depots. These depots receivéory cytokines han subcutaneous adipose tissue,
different blood supplies that are drained in a funda- includingtumor necrosis factora (TNF-a) andin-
mentally different way, in that the venous return from terleukin-6 (IL-6). These cytokines oppose insulin
the intra-abdominal fat leads into the hepatic portal signaling at the receptor and post-receptor levels.
system. Thus, intra-abdominally derived FFAs are
mostly cleared by the liver, whereas subcutaneous faAEEEIlIE_C_QNIRQL_AND_QB_ES_ll
is the primary site for providing FFAs to muscle during
exercise or fasting. The regulation of intra-abdominal The amount of energy stored by an individual is
and subcutaneous adipose tissue also differs. These ddetermined by calorie igtke and calories expended
pots are innervated by distinct sets of neurons withinas energy/day. In many individuals, input and
autonomic nuclei in the spinal cord and brainstem output are in balance, so the weight of that individual
and are influenced differently by sex steroids. Menremains relatively constant. However, the abundance
tend to gain fatin the intra-abdominal dep¢ndroid ~ of inexpensive high-fat, high-carbohydrate food,
[apple-shaped] adiposity), whereas women tend to along with more sedentary lifestyles, is contributing
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TABLE 3-2

HORMONE/  CELL OF STIMULUS FOR
CYTOKINE ORIGIN SCVS. IA SECRETION PRIMARY TARGET  ACTIONS
Leptin Adipocyte SC> IA Increased adiposity Hypothalamus Decreases appetite
Increases energy expenditure in
adipose and nonadipose tissue
Improves insulin sensitivity
Allows for reproductive maturity
Adiponectin Adipocyte SC> IA Weight loss Muscle Activates oxidation of free fatty acids
(including surgical) Liver Anti-inflammatory/antioxidant
Blood vessels Improves insulin sensitivity
and heart Improves health of cardiovascular
Macrophages tissues and protects against cell
death
Tumor Adipocyte IA> SC Engorgement of Liver Reduces adipocyte mass
necrosis White adipose adipocytes Muscle Proinflammatory
factor-a tissue Adipocytes Opposes insulin signaling
Macrophage Other organs Increases insulin resistance
Atherogenic
Interleukin-6 White adipose IA> SC Other inflammatory Liver Opposes insulin signaling
tissue cytokines Muscle Increases insulin resistance
Macrophage Adipocytes Increases acute-phase protein
Other organs production by liver
Proinflammatory systemically
Ghrelin P/D1 cells of Not Empty stomach Pituitary gland Increases growth hormone secretion
stomach applicable Hypothalamus (Opposes glucoregulatory and

ecells of islets

liporegulatory actions of insulin)
Increases insulin resistance
Increases appetite

to a pandemic of obesity and the pathologic sequelae Greater correlation between the gains in body weight
of obesity, including T2DM and cardiovascular andinabdominalfatinidentical twins than in frater-
disease. nal twins when they are fed a caloric excess

The preponderance of stored energy consists of faiy Discovery of several genes that cause obesity
and individuals vary greatly in the amounts and per-

centages of body weidht that are accounted for by ad- In addition, the gestational environment has a pro-
) 9¢ y welg : OrBY 80, 1nd effect on the body mass of the adult. The effect
ipose tissue. About 25% of the variance in total

body fat appears to be accounted for by genetic factorsOf maternal diet on the weight and body composition

. . of offspring is calledfetal programming Low
fél?o?/\rl]iit; influence on fat mass is supported by thebirthweight correlates with increased risk for obesity,

cardiovascular disease, and diabetes. These findings

n Tendency to correlate better with that of their suggest that the efficiency of fetal metabolism has
biologic parents than with that of their adoptive plasticity and can be altered by the environment in
parents utero. The development of thrifty metabolism would

n Greater similarity of adipose stores in identical be advantageous to an individual born to a mother
(monozygotic) twins, whether reared together or who received poor nutrition and into a life that
apart, than in fraternal (dizygotic) twins meant chronic undernourishment. However, a thrifty
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metabolism increases the risk for obesity in the face obrchestrate the cessation of eating@rexigeniceffect)

the caloric excess often confronting today’s individuals.and an increase in energy output. These circuits also co-
ordinate autonomic nervous system activity, with di-

Body Mass Index verse endocrine actions on thyroid gland function,

A measure of adiposity is thmsdy mass index (BMI) reprgduct?on, and growth. CART has a similar anorex-
The BMI of an individual is calculated as follows: ~ 19€nic action. A second group of neurons expresses the
peptides,NPY and agouti-related peptide (AgRPR)
BMI ¥ weightskg=height nf AgRP competes f@-MSH at MC4R receptors and in-
hibits their activation. NPYacts atNPY receptorsandis a

The BMI of healthy lean individuals ranges from 20 ) )
y naiau g potent orexigen. Thus, the NPY/AgRP neurons increase

to 25. A BMI greater than 25 indicates that the individ-

ual is overweight, whereas a BMI over 30 indicates obe@atl'_ng t(_oreX|gen|c eﬁgct) all_nd ?'m'mt‘;h ?\?F?\r(%x u;eF; d
sity. The condition of being overweight or obese is a risk i e? Itn rety;ressez smgna mfgprooac 3 . eail\/?SH an
factor for multiple pathologies, including insulin resis- stimu/ates the production o ~aernv

tance, dyslipidemia, diabetes, cardiovascular diseas?r?ddthe |l3<r0d_|l_Jr<]:ti0n|of _CART’ both of v_vhich_inhi:)ith
and hypertension. ood intake. Thus, leptin acts as a satiety signal that

Clearly, an excess of abdominal fat poses a greatg'ecreases fopd consumption and increases energy
risk factor for the pathologies mentioned previously. expend|tgre F 'g. 3-23. .
Thus, another indicator of body composition is circum- To maintain overall energy h(_)me(_)sta3|s, the system
ference of the waist (measured in inches around the nar-mUSt also balance specm_c ”“t”er?t intake an_d expen-
rowest point between ribs and hips when viewed fromd'tl.‘re’ forexample, CHO intake ‘.N.'th C.HO °X'da“°'.‘-
the front after exhaling) divided by the circumference This may account for some specificity in neuropeptide
of the hips (measured at the point where the buttocks
are largest when viewed from the side). Thast-to-
hip ratio may be a better indicator than BMI of body -
fat, especially as it relates to the risk for developing dis-
eases. A waist-to-hip ratio of greater than 0.95 in men, Y

or 0.85 inwomen, is linked to a significantly higher risk -
for developing diabetes and cardiovascular disease.

Hypothalamic Neurons and Appetite POMC/ NPY/
Control

Thearcuate (ARC) nucleuga nucleus is a collection of

neuronal cell bodies within the central nervous system) Y

in the hypothalamus is the key regulator of fuel sensing m
and food intake. One group of ARC neurons synthesizes
pro-opiomelanocortin (POMC)andcocaine and am- My
phetamine-regulated transcript (CART)As discussed

more inChapter 5POMC is proteolytically processedin

a cell specific manner: in the ARC POMC/CART neu-

rons, POMC is processed to foraMSH. POMC/

CART neurons project to second-order neurons located

in several areas of the brain, including the ventromedial
hypothalamus, the lateral hypothalamus, and the brain-g,; yre 3.25n Regulation of appetite by the action of
stem.a-MSH binds to themelanocortin receptors,  |eptin on two groups of neurons in the arcuate nucleus
MC3RandMC4R on second-order neurons, whichin- of the hypothalamus. See text for explanatioriThin
nervate other areas of the central nervous system angrrowsienote inhibited action.
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and neurotransmitter responses to meals. Serotonirdiagnosed cases. T1DM usually, but not always, occurs
produces satiety after glucose ingestion. Gastrointestiin the early teenage years. T1DM involves an autoim-
nal hormones, such as CCK and GLP-1, produce satimune-mediated destruction of the isletcells. TLDM
ety by humoral effects, but their local production in represents an absolute deficit in insulin. Untreated
the brain may participate in nutrient and caloric reg- T1DM results in runaway catabolic and starvation-
ulation. Insulin is also an important regulator of ap- associated metabolism, in which FFAs released from
petite. The recently discovered hormoglkrelin (see  adipose tissue flood the liver and are converted into
Table 3-2 is an acylated peptide with potent orexi- ketone bodies, while hepatic glucose production is in-
genic activitythat arises in endocrine cells in the mu- creased and glucose uptake by muscle is minimal. The
cosa of the stomach. Plasma levels of ghrelin rise inmampant ketogenesis leads diabetic ketoacidosis
humans in the 1 to 2 hours that precede their normal which is a form of metabolic acidosis. Uncorrected
meals. The plasma levels of ghrelin fall drastically tdketoacidosis can lead to cardiovascular collapse
minimal values about 1 hour after eating. Ghrelin and coma. Diabetic ketoacidosis also results in the
appears to stimulate food intake by reacting with its loss of K from the intracellular compartment and
receptor in hypothalamic neurons that express NPY. ultimately from the body through increased renal ex-
cretion. Thus, K replacement needs to be one com-
DIABETES MELLITUS ponent of the treatment of diabetic ketoacidosis.
Hyperglycemia causes osmotic diuresis and dehydra-
DM is a disease in which insulin levels and responsivetion but ultimately can lead to systemic hyperosmo-
ness of tissues to insulin are insufficient to maintain lality and neurologic dysfunction and coma. T1DM
normal levels of plasma glucose. Although the diagno-s usually not associated with obesity. Instead, muscle
sis of DM is based primarily on plasma glucose, DMwasting and dehydration promote weight loss, mus-
also causes dyslipidemia (high TG-rich lipoproteins,cle pain, and weakness. Patients experience frequent
low high-density lipoprotein [HDL]). Normal fasting urination matched with excessive thirst and frequent
(i.e., no caloric intake for at least 8 hours) plasma glu-drinking (polydipsia). Patients also experience hun-
cose levels should be below 100 mg/dL. A patient iger due to imbalances in the hypothalamic signaling,
considered to have impaired glucose control if the fastleading to frequent eatindpolyphagia) Patients
ing plasma glucose is between 110 and 126 mg/dL, angith TIDM require insulin replacement therapy.
the diagnosis of DM is made if the fasting plasmaglu- T2DM is by far the more common form, account-
cose exceeds 126 mg/dL on two successive days. Aing for 90% of diagnosed cases. However, T2DM is
other approach to the diagnosis of diabetes is the oralisually a progressive and insidious disease that re-
glucose tolerance test. After overnight fasting, the pamains undiagnosed in a significant percentage of pa-
tientis given a bolus amount of glucose (usually 75 g)tients for several years. T2DM is often associated
orally, and blood glucose levels are measured awith visceral obesity and lack of exercise; indeed,
2 hours. The glucose is administered orally ratherobesity-related T2DM is reaching epidemic propor-
than intravenously (V) beasse the insulin response tions worldwide. Usually, there are multiple causes
to an oral glucose load is faster and greater than thdor the development of T2DM in a given individual
response to an IV load (i.e., the incretin effect; seghat are associated with defects in the ability of target
Chapter 2. A 2-hour plasma glucose greater than organs to respond to insulin (i.eipsulin resistancg,
200mg/dL on 2consecutive days is sufficient to make along with some degree df-cell damage and defi-
the diagnosis of DM. The diagnosis of diabetes is alsa@iency. Insulin sensitivity can be compromised at the
indicated if the patient presents with symptoms asso-level of the insulin receptor (IR) or, more commonly,
ciated with diabetes (see later) and has a nonfastingt the level of postreceptor signaling. T2DM appears
plasma glucose value of greater than 200 mg/dL. to be the consequence of insulin resistance, followed
T1DM and T2DM represent the two major forms by reactive hyperinsulinemia but ultimately byrela-
of DM. T1DM accounts for about 10% of newly tive hypoinsulinemia (i.e., inadequate release of
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CLINICAL BOX 3-4

The ability of hepatocytes to export TG is critical to their
viability and normal function. TGs are not normally
storedinthe liverto a large extent. However, a sedentary
lifestyle and overeating can result in intrahepatocyte TG
levels that are out of balance with VLDL synthesis and
export as well as FFA oxidation. This leads to the devel-
opment of hepatic steatosis (fatty liver)and insulin
resistance at the liver. Hepatic steatosis predisposes
the liver to more serious disease, suchlepatocellular
carcinoma and fibrotic changes. Hepatic steatosis
represents the inability of the liver to form and export
VLDL ata pace that equals the influx of TG (via chylomi-
cron remnants), FFAs, and carbohydrates and is closely
associated withdiet-induced obesity

peripheral nerves. This glucotoxicity alters cell func-
tion in several ways that may contribute to pathologic
changes. These include increased synthesis of
polyols, hexosaminesand diacylglycerol (which
activates protein kinase C). Although the exact mech-
anisms by which intracellular accumulation of these
molecules causes abnormal cell function remain
unclear, current thinking indicates that these changes
lead to increased oxidative stress within the cell.
Additionally, intracellular nonenzymatic glycation
of proteins gives rise t@advanced glycation end
products (AGESs). Intracellular AGEs have altered
function, whereas secreted AGEs in the extracellular
matrix interact abnormally with other matrix
components and matrix receptors on cells. Finally,

some secreted AGEs interact with receptors on
macrophages and endothelial cells. Endothekal
Numerous other factors promote insulin resistance ceptors for AGEs (RAGEdgad to proinflammatory
and may act at skeletal muscle, liver, and adipose tisgene expression.
sue. Hyperinsulinemia per se causes down regulation An important circulating product of glycation is
of the insulin receptor and components of the insulin hemoglobin A (HbA1J), which is a useful marker
receptor signaling pathway (especially IRS proteinsfor long-term glucose regulation. A red blood cell
and activates intracellular negative feedback pathwaylsas a 120-day life span; once glycation occurs, the he-
such as thesuppressor of cytokine signaling-3 moglobin remains glycated for the remainder of the
(SOCS3) pathway antiTORCL1.Inflammatory cyto-  red blood cell's life span. The proportion of HA
kines (e.g., IL-6) similarly increase SOCS3, thereby inpresent in a nondiabetic person is low. However, a di-
ducing acrossover negative feedbadkop in which  abetic patient who has had prolonged periods of hy-
insulin signaling is inhibited. Glucocorticoids, which perglycemia over the past 8 to 12 weeks will have
are released in response to stress and acute hypoglyaevated levels. HpAmeasurements are clinically use-
mia, are diabetogenic. Sex steroids also antagonize iful for checking treatment compliance.
sulin signaling. The growth hormone prolactinandits  Retinopathiesare various forms of retinal abnor-
homolog human placental lactogen (which is also highmalities that develop in diabetic patients. Retinopathies
during pregnancy) also induce insulin resistance. Fi-are the major cause of new-onset blindness in preretire-
nally, the ARC region of the hypothalamus, acting mentadultsinthe United States. Hyperglycemiaresults
through the autonomic nervous system, can inducein high intracellular glucose concentrations in retinal
insulin resistance. endothelial cells and pericytes (capillary supportive
As insulin resistance worsens, reactive hyperinsueells). This is due to the inability of these cells specifi-
linemia progressively increases in an attempt to regulateally to adapt to hyperglycemia by decreasing GLUT ex-
glucose. This often leads to some degree of compropression. As discussed earlier, elevated intracellular
misedb-cell function; patients with T2DM may require glucose probably initiates multiple mechanisms that ulti-
insulin therapy at some point in their life. Patients with mately lead to endothelial cell dysfunction, leading to in-
T2DM can also benefit from agents that optimizeell  creased resistance, hypertensive-induced changes, and
function, such as sulfonylurea drugs or GLP-1 analogscell death. These microvascular changes lead to microa-
. . neurysms, increased capillary permeability, small retinal
Long-Term Sequelae of Diabetes Mellitus hemorrhages, and excessive microvascular proliferation.
Hyperglycemia leads to elevated intracellular glucos@roliferative retinopathy is caused by impaired blood
in specific cell types, especially endothelial cells in thélow to the retina and subsegnt tissue hypoxia. Subse-
retina, kidney, and capillaries associated withquent vascular degeneration can produce vitreal
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hemorrhage, retinal detachment, and neovascular glau- Diabetes is a common cause of impairment of renal
coma, all of which can lead to severe visual loss. As bloofilinction (nephropathy) and is the greatest cause of
glucose and therefore blood osmolarity rise, the volumeend-stage renal disease in North America. Clinical
of the lens changes, distorgjrvision. Diabetic patients or overt diabetic nephropathy is characterized by the
commonly have cataracts, and sorbitol and glycosylatetbss of greater than 300 mg of albumin in the urine
protein accumulation have been proposed as mechaever a 24-hour period (microalbuminuria) and pro-
nisms for inducing cataract formation. gressive decline of renal function. Nephropathies de-
Peripheral nerve damage (neuropathganoccurasa velop from microvascular changes that occur in the
result of metabolic, oxidat®; orimmune-related damage glomerular capillaries. The glomerular capillary base-
to neurons or Schwann cells. Additionally, the microvas-ment membrane thickens, resulting in thicker walls
culature of peripheral nerves undergoes changes similand narrower lumina (glomerulosclerosis) and expan-
to those seen in retinopathies and may represent an eversion of the supportive mesangial cells. Podocytes de-
that is concurrent with, or causal to, peripheral neuropa-tach and undergo apoptosis. Poor renal filtration
thy. Schwann cells (supportive cells involved in myelina-also leads to activation of the renin-angiotensin
tion) are among those shown to accumulate sorbitol as asystem (se€hapter 7), inducing hypertension.
result of hyperglycemia. Diabetic patients can exhibit Atherosderosis develops in diabetic patients at an
sensory loss, paresthesias, and even pain as a resultasicelerated ratenacroangiopathies)Diabetic patients
the neurologic damage. Neuropathies of the autonomicare more likely to have coronary artery disease and
nerves also develop in diabetic patients, which can leathyocardial infarction than are nondiabetic individuals.
to numerous symptoms in mtiple organ systems, in- Macrovascular disease is also associated with necrosis of
cluding erectile dysfunction, postural hypotension, andlower extremities and the need for amputation. Many
heat intolerance. The semgdoss is more apparent in diabetic patients with coronary artery disease have the
the extremities, particularly the lower portions of the legsadditional risk factors dfiypertension, abdominal obe-
and feet. This poses particular problems because, as diaity, insulin resistance and dyslipidemia. This cluster
betic patients lose cutaneous sensationinthe feet, they bef factors has been identified as thaetabolic
come unaware of poorly fitting shoes and are more pronesyndrome (also calledyndrome X, insulin resistance
to injuries. Poor peripheral circulation aggravates thissyndromeand cardiovascular dysmetabolic syndyome
problem. Because diabetic patients have impaired wounéome of the consequences of visceral obesity, insulin
healing, foot ulcerations can become a serious threat. resistance, and dyslipidemia were discussed earlier.

SUMMARY

1. Cells make ATP to meet their energy needs. ATP is4. Some cell types are limited in what energy sub-
made by glycolysand by the TCA cycle coupled stratesthey can oxidizeor energy. The brain is
to oxidative phosphorylation. normally exclusively dependent on glucose for

. Cells express intracellular sensors of nutrients and
enegy. Wwo of these are mMTORC1, which senses
amino acids and growth factor/insulin signaling
and promotes anabolic pathways; and AMPK,
which senses a low level of energy (AMP/ATP ra-
tio) and inhibits anabolic pathways, while driving
catabolic pathways.

. Cells can oxidize carbohydrate (primarily in the 5.

form of glucose)aminoacids, and FFAs to make
ATP. Additionally, the liver makes ketone bodies

(as well as glucose) for other tissues to oxidize 6.

for energy in times of fasting.

energy. Thus, blood glucose must be maintained
above 60 mg/dL for normal autonomic and
central nervous system function. Conversely,
inappropriately high levels of glucose (i.e., fasting
glucose above 100 mg/dL) promote glucotoxicity
in specific cell types, leading to the long-term
complications of diabetes.

The endocrine pancreas produces the hormones
insulin, glucagonsamatostatin, gastrin, ghrelin,
and pancreatic polypeptide.

Insulin is produced from thé cells anl is an ana-
bolic hormone that is secreted in times of excess
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CLINICAL BOX 3-5

Statin drugs are used to treat individuals with hyper-
cholesterolemia due to excessive LDL cholesterol. Sta-
tins target 3-hydroxy-3-methylglutaryl (HMG) CoA
reductase, so one effect of these drugs is to simply
lower cholesterol synthesis. Additionally, lowering
cholesterol synthesis in the liver leads to an activation
of SREBP2 and an increase in LDL receptor expres-
sion. This allows the liver to increase the clearance
of LDL cholesterol form the blood.

Why is LDL cholesterol a risk factor for cardiovascu-
lar disease? LDL patrticles are relatively small and make
their way into the lamina propria of the tunica intima
(the layer just below the endothelial lining) of blood
vessels at regions of endothelial damage and death
due to hypertension, cigarette smoke, or other fac-
tors. Oxidation of LDL components leads to engulf-
ment by macrophages that ultimately become
engorged with cholesterol. At this point, macro-
phages are calletbam cell&oam cells become patrtic-
ipants in a series of events that lead to the
development of an atherosclerotic plaque. Plaques
are dangerous because they can become unstable
and rupture. Once this happens, the blood is exposed
to prothrombic molecules. This induces the formation
of blood clots (thrombi) that can occlude the arterial
lumen. In the coronary arteries, a thrombus poten-
tially leads to myocardial infarction, and in arteries
in the brain, a thrombus causes a stroke.

Acetoacetate
n Acetyl CoA carboxylase
n Adenosine triphosphate (ATP)

During the fed state, how does the role of glycol-
ysis in the liver differ frm the role of glycolysis in
adipose tissue?

2. How does the function of glycogen differ in the
liverversus the skeletahuscle?

3. Normally, the brain is dependent on glucose.
What other energysubstrate is used by the brain
during a prolonged fast? What is the origin of
this substrate?

4. What is the relation between mitochondrial cit-
rate levels and lipogenés?

5. What two enzymes in adipocytes are dysregu-
lated in DM that contribute to high levels of cir-
culating TGs?

6. Why does loss of the LDL receptor give rise to
high blood cholesterol?

7. What futile cycle do high levels of malonyl CoA
prevent?

8. How would a mutant glucokinase with decreased
transport adivity affect insulin secretion?

9. How does insulin regulate the following hepatic
enzymes: glucokinase, fructosk6-bisphospha-
tase, pyruvate kinase, acetyl CoA carboxylase,
PEPCK? Be specific.

10. What is the basis for ketoacidosis in patients
with poorly managed typel diabetes mellitus?
11. How is obesity related to insulin resistance?
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CALCIUM AND PHOSPHATE
HOMEOSTASIS

OBJECTIVES

1. Describe the structure and synthesis of PTH, the regula- 3. Discuss the roles of the Gl tract, bone, and kidneys in
tion of PTH secretion, and the nature of the PTH receptor. Ca2P /Pi homeostasis.

2. Describethe structure and synthesis of 1,25-dihydroxyvita- 4. Discuss the actions of calcitonin, PTHrP, FGF23, and go-
min D, the regulation of 1,25-dihydroxyvitamin D produc- nadal and steroid hormones on G2 /Pi metabolism.

tion, and the receptor for 1,25-dihydroxyvitamin D. 5. Discuss the pathophysiology associated with imbal-

ances in PTH and 1,25-dihydroxyvitamin D.

alcium (C&") and phosphate Ri) are es- Two hormones, 1,25-dihydroxyvitamin D (also
sential to human life, playing important structural called calcitriol) and parathyroid hormone (PTH),
roles in hard tissues (i.e., bones and teeth) andregulate intestinal absorption of &a and Pi and
important regulatory roles in metabolic and sig- the release of G& and Pi into the circulation after
naling pathways. The two primary sources ofbone resorption. The primary processes for removal
circulating C&P and Pi are the diet and the skeleton of C&#P and Pi from the blood are renal excretion
(Fig. 4-1. and bone formation (seeFig. 4-), and 1,25-
dihydroxyvitamin D and PTH regulate these processes
as well. Other hormones and paracrine growth
factors also have clinical relevance to*Cand Pi

- homeostasis.

A
> > CALCIUM AND PHOSPHORUS ARE
— _‘ Bl | CORTANT DIETARY ELEMENTS
Y v A THAT PLAY MANY CRUCIAL ROLES
I S INCELLULAR PHYSIOLOGY
Y Calcium is an essential dietary element. In addition to
- getting calcium from the diet, humans contain a vast
store (i.e.> 1 kg) of calcium in their bones, which can
FIGURE 4-1n Daily C& and Pi fluxes. be called on to maintain normal circulating levels of
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TABLE 4-1 muscle cell death) can result yperphosphatemia
_ which can then complex with G to cause acute hy-

pocalcemia. Phosphate represents a key intracellular

SIZE IONIZED ESSL%'N COMPLEXED  Component. Indeed, it is the high-energy phosphate
ION (MG/DL) (%) (%) (%) bonds of adenosine triphosphate (ATP) that maintain
cbx 10 50 45 5 life. Phosphorylation and dephosphorylation of pro-
Pi 4 84 10 6 teins, lipids, second messengers, and cofactors represent

key regulatory steps in numerous metabolic and

*Ca2P is bound (i.e., complexed) to various anions in the plasma, Slgna“ng pathwaysy and phosphate also serves as the
including HCQ, , citrate, Pi, and SQ . Pi is complexed to various . .
cations, including N& and K. backbone for nucleic acids.

From Koeppen BM, Stanton BARenal Physiologth ed., Philadelphia,
2007, Mosby.

PHYSIOLOGIC REGULATION OF
CALCIUM AND PHOSPHATE:

calcium in times of dietary restriction and during the PARATHYROID HORMONE AND
increased demands of pregnancy and nursing. Circu—1 25-DIHYDROXYVITAMIN D

lating calcium exists in three form3dble 4-): free
ionized calcium (C#), protein-bound calcium, PTHand1,25-dihydroxyvitamin Drepresent the two
and calcium complexed with anions (e.g., phosphatesphysiologically important hormones that are dedi-
bicarbonate, citrate). The ionized form representscated to the maintenance of normal blood ®aand
about 50% of circulating calcium, and because thisPi levels in humans. As such, they are referred to as a
form is so critical to many cellular functions, &a  calciotropic hormones The structure, synthesis, and
levels in both extracellular and intracellular compart- secretion of these two hormones and their receptors
ments are tightly controlled (s&hapter fordiscussion  will be discussed here. In the following section, the
of C&P-dependent signaling pathways). Circulating detailed actions of PTH and 1,25-dihydroxyvitamin
C&® is under direct hormonal control and is normally D on the three key sites of &&Pi homeostasis
maintained in a relatively narrow range. Either too little (i.e., gut, bone, and kidney) will be discussed.
of C&P (hypocalcemiatotal serum C# < 8.5 mg/dL _
[2.1 mM]) or too much C&P (hypercalcemiatotal se-  Parathyroid Hormone
rum C&P > 10.5 mg/dL [2.6 mM])inthe blood canlead PTH is a key hormone that protects against a hypocal-
to a broad range of pathophysiologic changes, includingcemic challenge. The primary targets of PTH are bone
neuromuscular dysfunction, central nervous system dysand kidneys. PTH also functions in a positive feed-
function, renal insufficiency, calcification of soft tissue, forward loop by stimulating 1,25-dihydroxyvitamin
and skeletal pathologies. D production.

Phosphorus is also an essential dietary element and
is stored in large quantities in bone complexed with Parathyroid Glands he parathyroid glandsdevelop
calcium. In the blood, most phosphorus exists in the from the endodermal lining of the third and fourth
ionized form of phosphoric acid, which is called branchial pouches. They usually develop into four
inorganic phosphate(Pi). Most circulating Pi is in  loosely organized glands: two superior and two infe-
the free ionized form, but some P« (20%) circulates rior parathyroid glands. The embryonic anlage of
as a protein-bound form or complexed with cations the parathyroids become associated with the caudal
(seeTable 4-). Phosphorus also exists as pyrophos-migration of the thyroglossal duct, so the parathyroid
phate (two Pi groupsn a covalent linkage). Unlike glands usually become situated on the dorsal side
c&P, phosphate is incorporated covalently as singleof the right and left lobes of the thyroid gland
or multiple phosphate groups into many molecules, (Fig. 4-3. The exact positions of the parathyroid
and consequently, soft tissues contain about 10-foldglands ae variable, and more than 10% of humans
more phosphate than G&. This means that signifi- harbor a fifth parathyroid gland. The predominant
cant tissue damage (e.g., crush injury with massivearenchymal cell type in the parathyroid gland is the
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Superior
thyroid artery Superior
parathyroid
gland
. - Inferior
Inferior thyroid parathyroid
artery
gland
Thyrocervical
trunk
Left subclavian Right recurrent
artery laryngeal nerve

Left recurrent
laryngeal nerve

FIGURE 4-2n Anatomic position of the parathyroid glands.
(Redrawn from Drake RL, Vogl W, Mitchell ABr&'s
Anatomy for StudentspPhiladelphia, 2005, Elsevier.)

tumors (i.e., primary hyperparathyroidism) can be
derived from both principal and oxyphil cells.

Structure, Synthesis, and Secretion of Parathyroid
HormoneSecreted PTH is an 84-amino acid polypep-
tide. PTH is synthesized asmeproPTH, which is
proteolytically processed fmroPTH at the endoplas-
mic reticulum, and then to PTH in the Golgi and
secretory vesicles. Unlike proinsulin, all intracellular
proPTH is normally converted to PTH before secre-
tion. PTH has a short half-lifeq{ 5 minutes) because
it is proteolytically cleaved into biologically inactive
N-terminal and C-terminal fragments that are
excreted by the kidney.

The primary signal that stimulates PTH secretion is
low circulating C&P levels Fig. 4-3. The extracellular
C&P concentration is sensed by the parathyroid prin-
cipal cells through €£aP -sensing recepto(CaSR.

The CaSR is a member of the seven-transmembrane
G-protein-coupled receptor superfamily, which forms
disulfide-linked dimers in the membrane of chief cells
of the parathyroid glands. The CaSR is also expressed
in calcitonin-producing C cells, renal tubules, and sev-

principal (also callecchief) cell. These cells are the eral other tissues. In the parathyroid gland, increasing
primary endocrine cell of the gland. With age, a largeramounts of extracellular @& bind to the CaSR and

mitochondria-rich, eosinophilic cell type, trexyphil

activate incompletely understood downstream signal-

cell, appears. Although the oxyphil cellis not normally ing pathways that repress PTH secretion. Thus, basal
important to PTH secretion, PTH-overproducing PTH secretion (i.e., PTH secretion in the absence of

Exocytosis
A Ca?*
o arathYVO‘d CaSR
embrane v
cell M PTH G qV+Gi
Dov’nstream
signaling
pathway
Pre-CaSR

v /
CaSR mRNA
» <

Prepro-PTH
Y

PTH mRNA
[\

1,25-Vitamin D FIGURE 4-3 n Regulation of
PTH gene expression and PTH
secretion. The primary regulator of
PTH is extracellular G&, which
is sensed by the CG&-sensing
receptor (CaSR). The CaSR is a G-
protein-coupled receptor (GPCR)

/ — linked to Gq and Gi, but the

downstream signaling that inhibits
PTH secretion and PTH gene
expression is poorly understood.
1,25-Dihydroxydamin D inhibits
PTH gene expression directly
and indirectly by stimulating CaSR
gene expression.
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CaSR signaling) is high but is inhibited by high extra- PTH production is also regulated at the level of
cellular C&P-CaSR binding and signaling. gene transcription (se€ig. 4-3. The preproPTH
Although the CaSR binds to extracellular®®a gene is repressed bycalcium-response element
with relatively low affinity, the CaSR is extremely sen-within the promoter of this gene. Thus, the signaling
sitive tochangeim extracellular C#.A0.1-mMdrop  pathway that is activated by &4 binding to the
in blood C&#P produces an increase in circulating CaSR ultimately leads to repression of prepro-
PTH levels from basal (5% of maximum) to maximal PTH gene expression and PTH synthesis. The prepro-
levels (Fig. 4-% Thus, the CaSR regulates PTH out- PTH gene is also repressed by 1,25-dihydroxyvitamin
put in response to subtle fluctuations in €%aon a D (acting through vitamin D—responsive elements, dis-
minute-to-minute basis. It should be noted that the cussed later). The ability of 1,25-dihydroxyvitamin D
CaSR is also stimulated by high levels of magnesiuntp hold PTH gene expression in check is reinforced by
so hypermagnesemia also inhibits PTH secretion.  the coordinated up-regulation of CaSR gene expression
by positive vitamin D-responsive elements in the pro-
CLINICAL BOX 4-1 moter of the CaSR gene (deig. 4-3.

Patients withfamilial benign hypocalciuric hypercal-

cemia(FBHH) or neonatal severe hyperparathyroid- Parathyroid Hormone Receptdhe PTH receptor is a

ism are heterozygous or homozygous, respectively, for se\en-transmembrane,_ G-protein-linked _membrane
inactivating mutations of the CaSR. In these patients, ~ '€CEPIor. Because this receptor also binds PTHrP
the CaSR fails to appropriately inhibit PTH secretion  (S€€ later), itis usually referred to as #€H/PTHrP

in response to high levels of blood calcium. The CaSR ~ feceptor. The PTH/PTHrP receptor is primarily

also plays a direct role in G& reabsorption at the coupled to a @s signaling pathway that leads to
kidney. Thehypocalciuria (i.e., inappropriately low increased cyclic adenosine monophosphate (CAMP),
Ca’P excretion in the face of high circulating G8 although it also is coupled to &y/11-phospholipase
levels) in patients with FBHH is due to the lowered C—dependent pathways. The PTH/PTHrP receptor is
ability of the CaSR to monitor blood calcium and re-  expressed on osteoblasts in bone, and in the proximal

spond by increasing urinary C& excretion. and distal tubules of the kidney, as the receptor for the

systemic actions of PTH. However, the PTH/PTHrP
receptor is also expressed in many developing struc-
tures in which PTHrP has an important paracrine

100 function.

Vitamin D

Vitamin D is actually a prohormone that must
undergo two successive hydroxylations to become the
active form,1,25-dihydroxyvitamin D (Fig. 4-5. Vita-

min D plays a critical role in G& absorption, and to a
lesser extent Pi absorption, by the small intestine. Vita-
min D also regulates aspects of bone remodeling and
renal reabsorption of G4 and Pi.

50

Serum PTH (% of maximum)

Structure, Synthesis, and Transport of Active Vitamin
D MetabolitesVitamin D 3 (D3; also callectholecal-
ciferol) is synthesized by ultraviolet light (UV B) con-
version of 7-dehydrocholesterol in the more basal
FIGURE 4-4n CaP/PTH secretion dose-response curve. layers of the skinKig. 4-§. UV radiation opens up

1.00 1.10 1.20 1.30 1.40
Free Ca2" in blood (mM)
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the B ring of cholesterol, generating pre—vitamig, D (D>, also callecrgocalciferoland also a secosteroid)
which then undergoes a temperature-dependentis the form produced in plants. Vitamins{and to a

isomerization into . Vitamin Dsis therefore referred

lesser extent P are absorbed from the diet and

to as asecosteroidwhich is a class of steroids in which are equally effective after conversion into active
one of the cholesterol rings is openéditamin D,

hydroxylated forms.
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Basal keratinocyte

EI%\:)E:JI Lymphatic Dietary
) . vitamin D5
FIGURE 4-6n Vitamin D metabolism. Vit D-chylomicron < and
Vitamin D can be synthesized in the vitamin D,

skin keratinocyte or absorbed from

Hepatocyte )
the gastrointestinal tract enterocyte. Vit D-DBP
Vitamin D is transported to the liver Portal blood
hepatocyte, where it is hydroxylated
at the 25 carbon. 25-Hydroxyvitamin
D is carried in the blood by vitamin

D—binding protein (DBP) to the renal

proximal tubules, where it is hydroxyl-
ated at either the 1 position (activat- Peripheral blood
ing) or the 24 position (inactivating).

Note that 25-hydroxyvitamin D that ~ Glomerular filtrate
exits into the glomerular filtrate can
be recaptured by the apical mem-
brane protein, megalin, which binds
and internalizes DBP. .

Renal tubule Di i Biological effects at
1,25-Dihydroxyvitamin D guit, bone, kidney, efc.

Dsis transported in the blood from the skin to the
liver. Dietary b and D, reach the liver directly
The balance between UV-dependent, endogenously through transport in the portal circulation and indi-
synthesized vitamin Pand the absorption of dietary rectly through chylomicrons (seEig. 4-6. In the
forms of vitamin D becomes important in certain sit- liver, D, and Ds are hydroxylated at the 25 carbon
uations. Individuals with higher epidermal melanin position to yield25-hydroxyvitamin D (at this junc-
content and those who live i_n higher Ie_ttitudes convert ture, no distinction will be made betweensBnd D,
less 7-dehydrocholesterol Into vitamin $and thus _ metabolites because they are equipotent). Hepatic
are more dependent on dietary sources of vitamin vitamin D 25-hydroxylase is expressed at a relatively

D. Dairy products are enriched in vitamin §) but tant d hiah | | irculati | | f
not all individuals tolerate or enjoy dairy products. constant an Igh 1evel, so circulaling [evels o

Institutionalized, sedentary elderly patients who stay ~ 2°-hydroxyvitamin D largely reflect the amount of

indoors and avoid dairy products are particularly at ~ Precursor available for 25-hydroxylation. Because

risk for developingvitamin D deficiency the hydroxyl group at the 25 carbon position repre-
sents the second hydroxyl group on the molecule,

CLINICAL BOX 4-2
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25-hydroxyvitamin D is also referred to aealcifediol stimulate renal &-hydroxylase expression through
(seeFig. 4-9. increased PTH levels, whereas elevateédl Geibits
25-Hydroxyvitamin D is further hydroxylated la-hydroxylase activity directly through the CaSR
in the mitochondria ofthe proximal tubules of the in the proximal tubule. A low-phosphate diet also
kidney at either the & carbon or 24 carbon position stimulates renal d-hydroxylase activity in a PTH-
(se€Figs. 4-fand4-6). The la-hydroxylase (also called independent manner. Some of the effect of a low-
CYPA& in humans) generatels 25-dihydroxyvitamin ~ phosphate diet on renal athydroxylase activity is
D (also calledcalcitriol), which is the most active dependent on a functional pituitary gland, which
form of vitamin D. Hydroxylation at the 24 position, may respond to hypophosphatemia by increased
generating24,25-dihydroxyvitamin D and 1,24,25- growth hormone secretion (sé&hapter 5.
trihnydroxyvitamin D, represents an inactivation
pathway. Vitamin D Receptod,25-Dihydroxyvitamin D exerts
Vitamin D and its metabolites circulate in the its actions primarily throud binding to the nuclear
blood primarily bound tovitamin D—binding protein vitamin D receptor (VDR). The VDR is a 50-kDa
(DBP). DBP is a serum glycoprotein of about 60 kDa protein and is a member of the nuclear hormone re-
that is related to the albumin gene family and is syn-ceptor superfamily, which also includes steroid and
thesized by the liver. DBP binds more than 85% ofthyroid hormone receptors and metabolic receptors
25-hydroxyvitamin D and 1,25-dihydroxyvitamin D. such as the PPARs (S8kapter 1). The VDR is a tran-
As a result of binding to other proteins, only 0.4% scriptionfactor and bind$o DNA sequencew{tamin
of the active metabolite, 1,25-dihydroxyvitamin D, D-responsive elemenjsas a heterodimer with the
circulates as free steroid. DBP allows for the movementetinoid X receptor (RXR). Thus, a primary action
of the highly lipophilic molecules within the aqueous of 1,25-dihydroxyvitamin D is to regulate gene expres-
environment of the blood. Studies using experimentalsion in its target tissues, including the small intestine,
mouse genetics indicate that DBP provides a reservoibone, kidneys, and parathyroid gland.
of vitamin D metabolites that protects against vitamin
D deficiency. The bound fractions of vitamin D me-

tabolites have a circulating half-life of several hours. gpALL INTESTINE. BONE. AND
DBP may assist in the reuptake of the fraction x| DNEY DETERMINE CAL
of 25-hydroxyvitamin D that passes through the AND PJ | EVELS

glomerular filter. DBP binds to 25-hydroxyvitamin
D with high affinity, so a significant amount of 25- The general effects of PTH and 1,25-dihydroxyvitamin
hydroxyvitamin D that enters the glomerular lumen D on C&P and Pi levels at the small intestine, bone,
is complexed to DBP. The apical membranes of thekidneys, and parathyroid glands is summarized in
proximal tubule cells express the proteimegalin,  Table 4-2

which is a member of the low-density lipoprotein

(LDL) receptor superfamily. Megalin functions to re- . 1 .

capture a broad range of proteins from the glomerular Handling of _Caz and Pi by the

filtrate. Megalin binds DBP, some of which is com- Small Intestine

plexed with 25-hydroxyvitamin D, and internalizes (Mosby Physiology Monograph Series cross reference:
the complex through receptor-mediated endocytosisChapter 12 in Gastrointestinal Physiology, Sixth Ed.,
(seeFig. 4-9. LR Johnson)

The renal a-hydroxyleserepresents a key target  Dietary levels of calcium can vary, but in general,
of regulation of vitamin D action Fig. 4-3. First,  North Americans consume about 1.5 kg of calcium
there exists a producfeedbak loop, in which  per day. Of this, about 200 g is absorbed by the proxi-
1,25-dihydroxyvitamin D inhibits & -hydroxylase ex- mal small intestine. Importantly, fractional absorption
pression and stimulates 24-hydroxylase expressiorof calcium is stimulated by 1,25-dihydroxyvitamin D,
c&P is also an important regulator of the renah-l  so absorption can be made more efficient in the face
hydroxylase. Low circulating levels of®andirectly  of declining dietary calcium.
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Renal capillary

FIGURE 4-7n Regulation of the
renal CYP4& gene expression
by C&P and hormones.

Lumen of proximal tubule

25(0H)-Vit D-DBP

Ce? is absorbed from the duodenum and jejunum from the lumen of the gastrointestinal (Gl) tract into
both by a C&°- and hormone-regulated, active- the enterocyte, which is favored both by concentration
transport transcellular route and by a passive, bulk-flowand electrochemical gradients, is facilitated by apical
paracellular route. Little is known about whether epithelial calcium channelscalledTrpV5 and TrpVeé.
the paracellular route is regulated. However, significantOnce inside, C& ions bind to abundant cytoplasmic
progress has been made in our understanding of theroteins callectalbindin-D, specificallycalbindin-Dg,
transcellular routeRig. 4-§. C&P enters the transcel- in the human intestine. Calbindin-gx serves to main-
lular route by gaining access to the intestinal enterocytetain the low cytoplasmic free 4 concentrations,
through the apical membrane. The movement of€a thus preserving the favorable lumen-to-enterocyte
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TABLE 4-2

SMALL INTESTINE BONE

KIDNEY

PARATHYROID
GLAND

Promotes osteoblastic
growth and survival
Regulates M-CSF,
RANKL, and OPG
production by osteoblast
Chronic high levels
promote net CZP and
Pi release from bone
Sensitizes osteoblasts
to PTH

PTH No direct action

Increases €&
absorption by
increasing TrpV
channels, calbindin-D,
and PMCA expression

Marginally increases Pi
absorption

1,25-Dihydroxyvitamin D

Regulates osteoid
production and
calcification

Stimulates 1a-hydroxylase
activity

Stimulates C&P
reabsorption by distal
nephron by increasing

Inhibits Pi reabsorption by
proximal nephron (represses
NPT2a expression)

Minimal actions on
CaP reabsorption

Promotes Pi reabsorption by
proximal nephron (stimulates
NPT2a expression)

No direct action

Directly inhibits PTH
gene expression

Directly stimulates
CaSR gene
expression

Luminal side

Serosal side

TrpV

2+
5and 6 »Ca

ca?

AN
/ PMCA

FIGURE 4-8n Intestinal absorption of C&P through the transcellular route. C& enters through the C&° channel, TrpV 5

or TrpV 6, in the luminal membrane of the enterocyte. &is then shuttled from the apical side of the cell to the basal side
by the carrier protein, calbindin-B\. Ca?P is then actively transported out of the basolateral side by the plasma membrane
Ca?P ATPase (PMCA), and calbindin-§ recycles. 1,25-Dihydroxyvitamin D increases the expression of all these proteins
in the gastrointestinal tract.

/
AN

concentration gradient during a meal. Calbinding® Dk, and PMCA) involved in C& uptake by the small
may also play a role in apical-to-basolateral shuttlingintestine. PTH affects G& absorption at the gut in-

of C&#P. C&P is actively transported across the baso-directly by stimulating renald-hydroxylase activity.
lateral membrane, against an electrochemical and con- The fraction of phosphate absorbed by the jejunum
centration gradient, by theplasma membrane remains relatively constant at about 70% and is under
calcium ATPase (PMCA). The sodium-calcium  minor hormonal control by 1,25-dihydroxyvitamin D.
exchanger(NCX) may also contribute to the active The limiting process in transcellular Pi absorption is
transport of C&° out of the enterocytes. 1,25- transport across the apical brush border, which is car-
Dihydroxyvitamin D stimulates the expression of all ried out by an isoform (NPT2b) of thesodium-Pi

of the components (i.e., TrpV channels, calbindin- cotransporter NPT2.
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Most of the bone (about 75%) isompact cortical

Bone represents a massive and dynamic extracellular d@onethat makes up the outer surfaces of long and flat
posit of proteins and minerals (mainly &% and Pi). bones Fig. 4-9. The inner core of bones is composed

Once maximal bone mass has been achieved in thgf interconnecting spicules whose orientation be-
adult, the skeleton is constantly remodeled through©oMes organized by stress forces. This bone is called

the concerted activities of the resident bone cell typest@ncellous (or trabecula) bone, and although it
The processes bbne accretionand bone resorption makes up only 25% of total bone mass, its surface area
are in balance in a healthy, physically active, and appro'S several-fold greater than that of cortical bone. The_
priately nourished individual. Of the about 1 kg of greater surface area means that trabecular bone is
calcium immobilized in bone, about 500 mg of ¥a much more accessible to bone cells and thus more
(i.e., 0.05% of skeletal calcium) is mobilized from and dynamic in its turnover. =~

deposited into bone each day. However, the process of !N the adult, bone remodeling involves thg@des?ruc-
bone remodeling can be modulated to provide a nettion of preformed bone, with the release of*CaPi,
gain or loss of C& and Pi to the blood and is respon- and hydrolyz_ed_fragments of the proteinaceous matrix
sive to physical activity (or lack thereof), diet, age, and(Calledosteoid into the blood; and new synthesis of
hormonal regulation. Because the integrity of bone isoSte0id at the site of resorption, with subsequent cal-
absolutely dependent on @aand Pi, chronic dysregu- cification of the osteoid, pnmafny with C& and_ Pi,
lation of CZP and Pilevels, or ofthe hormones that reg- from the blood. Bone remodeling occurs continually

ulate C3P and Pi, leads to pathologic changes in bone.!n about 2 million discrete si_tes inv_olving subpopula—
tions of bone cells, calldsasic multicellular units.

) ] The cells involved in bone remodeling fall into two
Histophysiology of Adult Bone major classes: cells that promote the formation of bone
The biogenesis, growth, and remodeling of bone is gosteoblastyand cells that promote the resorption of
complex process and will not be fully explained here bone (steoclasts However, it should be emphasized
The key features required to understand the role ofthat bone remodeling is a highly integrated process,
adult bone in the hormonal regulation of calcium- and osteoblasts also play a primary role in the initia-
phosphate metabolism are discussed next. tion and regulation of bone resorption~{g. 4-10.

Inner
circumferential
lamellae

Periosteum

Blood
Haversian vessels
system
(osteon)

FIGURE 4-9n Diagram of atypical long
bone shaft showing compact cortical
bone around the perimeter and
cancellous trabecular bone in the
center.(From Stevens A, Lowtudhan
Histology, 3rd ed., Philadelphia, 2005,
Mosby.)

Volkmann's

Trabecular Outer canal

bone circumferential
Interstitial bon Haversian lamellae
lamellae canals
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C-FMS
v

M-CSF Differentiation

4
RANKL >
tion of osteoclast differentiation

RANKL
and function.

OPG

- Fusion and activation
A\

»

Hydrolytic enzymes

4

+

H

Resorption cavity in bone

Osteoblasts develop from mesodermally derived strothe cell membrane of osteoblasts and as a soluble
mal cells that have the potential to differentiate into 31-kDa form. RANKL binds to its receptdRANK,
muscle, adipose, cartilage, and bone (i.e., osteoblasten osteoclast precursomembranes. RANK is
cells. Several paracrine and endocrine factors modustructurally related to the receptor fadumor ne-
late the osteoblast differentiation program, which is crosis factora (TNF-a) and signals through NF-
dependent on the expression of bone-specific trankB-related pathways to induce osteoclastogenesis.
scription factors. For example, the transcription factor This process involves the clustering and fusion of
Runx2 is essential for osteoblast differentiation andseveral osteoclast precursors, giving rise to a fused,
is mutated in patients witlcleidocranial dysplasia  polykaryonic osteoclast. The perimeter of the oste-
which is a congenital syndrome characterized byoclast membrane facing the bone adheres tightly to
multiple defects in bone formation. the bone, essentially sealing off the area of osteo-
Osteoblasts express factors that induce osteoelast-bone contact (se€ig. 4-10. The osteoclast
clast differentiation from cells of the monocyte- cell membrane facing the bone transforms into a
macrophage lineage and fully activate osteoclastuffled border, from which enzymes (e.g., cathep-
function (seeFig. 4-10).0Osteoblasts releaseono-  sin K) and HCI are secreted. The acidic enzyme-
cyte colony-stimulating factor (M-CSH, which is  rich microenvironment proceeds to dissolve the
a secreted cytokine that binds to its receptor,calcified crystals and uthately hydrolyzes type |
c-Fms on osteoclast precursor cells. M-CSF inducescollagen and other osteoid components. After about
the earliest differentiating processes that lead to oste2 weeks, osteoclasts receive a different signal from
oclast precursors. M-CSF also acts in concert withneighboring osteoblasts. This signalbisteoprote-
another factorRANKL (named forreceptoractiva-  gerin (OPG), which acts as a soluble decoy receptor
tor of NF-k B ligand), to promote osteoclastogenesis. for RANKL (seeFig. 4-10. Consequently, the pro-
RANKL can exist as a 40- to 45-kDa protein on osteoclastic signal from teoblasts is terminated.
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During a reversal phase, osteoclasts are then As a calciotropic hormone, PTH is a primary endo-
recruited to adjacent sites of bone, which extends thecrine regulator of bone remodeling in adults. The
resorption cavity, also called tloaitting conefurther PTH/PTHrP receptor is expressed on osteoblasts,
into the bone. Alternatively, some osteoclasts may unbut not on osteoclasts. Therefore, PTH directly stim-
dergo apoptosis. Adjacent osteoblasts migrate into thellates osteoblastic activity and indirectly stimulates
resorbed area (now vacated by osteoclasts) and begsteoclastic activity through osteoblast-derived para-
to lay downosteoid Some of the components in oste- crine factors (i.e., M-CSF, RANKL). Sustained elevated
oid (e.g., osteocalcin and alkaline phosphatase) prolevels of PTH shift the balance to a relative increase in
mote its calcification. This process removes’fCa osteoclast activity, thereby increasing bone turnover
and Pi from the blood and deposits them first as and reducing bone density. In contrast, intermittent
calcium phosphate crystals. Later, bicarbonate and hyadministration of low doses of PTH promotes osteo-
droxide ions are incorporated into the calcium phos- blast survival and bone anabolic functions, increases
phate to formhydroxyapatite crystals The bone is bone density, and reduces the risk for fracture in
laid down in organized layers, callldmellaestarting  humans. This is mediated, at least in part, by decreased
from the perimeter of the resorption cavity and pro- production ofsclerostin (SOSThy osteocytes. SOST
gressing inward. In the fully repaired region, multiple is an inhibitor of bone formation that suppresses os-
concentric lamellae surround a centhalversian canal  teoblast differentiation by inhibiting Wnt signaling
or groove housing a nutritive capillary (s€ey. 4-9. in osteoblast progenitor cells. Loss-of-function muta-
This area of bone acetion is also called thelosing tions of the SOST gene in humans casskerosteosis
coneAs the osteoblasts become surrounded by andx disease characterized by excessive bone mass.
entrapped within bone, they beconosteocyteghat
sit within small spaces, callédversian lacunaeOs-
teocytesremgin interc.onr?ected through cell processes CLINICAL BOX 4-4
that run within canaliculi and form communicating
junctions with adjacent cell processes. The new con- Regulation of bone remodeling by PTH requires nor-
centric layers of bone, along with the interconnected mal levels of 1,25-dihydroxyvitamin D. In vitamin
osteocytes and the central canal, are referred to collec- D-deficientindividuals, the C& -PTH secretion curve
tively as arosteon The exact function of osteocytesjs S shifted to the right. Thus, normal C& levels are
presently unclear, although evidence exists for a role of less effective in suppressing PTH secretion, and ele-

osteocvies in the sensing of mechanical stress in bones vated PTH levels and increased bone turnover result.
y 9 ‘The vitamin D receptor is expressed in osteoblasts,

and normal 1,25-dihydroxyvitamin D levels are also

CLINICAL BOX 4-3 required for coordination of osteoid production with

its calcification. In vitamin D-deficient individuals,
The importance of the RANK/RANKL/osteoprote- osteoid is not properly calcified, and the bone is weak.
gerin system is made evident by mutations in the In children, this leads torickets, in which growth of
human genes for RANK and osteoprotegerin that long bones is abnormal, and the weakened bones lead
are associated with bone deformities. Loss of RANKL to bowing of extremities and collapse of the rib cage
in mice causessteopetrosis(i.e., excessive bone den- (see later). In adults, vitamin D deficiency leads to
sity) because of the loss of osteoclasts. Conversely, osteomalacia which is characterized by poorly
loss of osteoprotegerin causesteoporosis(reduced calcified osteoid associated with pain, increased risk
bone density) because of a high number of overly for fracture, and vertebral collapse (see later).

active osteoclasts. Furthermore, our current under-
standing of bone regulation is based on how hormones,

cytokines, and other factors alter the balance between Handling of Ca?l and Pi by the Kidneys
RANKL and osteoprotegerin and on how they regulate

the differentiation, survival, and apoptosis of osteo- (Mosby Physiology Monograph Series cross reference:
blasts versus osteoclasts. Chapter 9in Renal PhySiOIOQY, Third Ed., BM Koep-

pen and BA Stanton)
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The kidneys filter a large amount of €a(about membranes of proximal renal tubule cells, thereby in-
10 g) each day, but most of the filtered®ais reab-  creasing phosphate excretion ($&g. 4-1). In con-
sorbed by the nephron. Renal excretion typicallytrast, 1,25-dihydoxyvitamin D increases NPT2 gene
accounts for the loss of about 200 mg ofEa@er day,  expression in the proximal tubules.
which is counterbalanced by net intestinal absorption
of about 200 mg/day. In the proximal tubule, most ) ) )
ofthe C&P isreabsorbed by a passive, paracellular pathlntegrﬁted_ Physiologic Regulation
way. As in the duodenum, transcellular®aransport of Ca™ " /Pi Metab0“3m3 Response of
also exists and involves the constitutive expression of TH and 1,25-Dihydroxyvitamin D
apical epithelial calcium channels (Trp-V5 and Trp- t0 @ Hypocalcemic Challenge
V6), intracellular C& -binding proteins (calbindins), The integrated response of PTH and 1,25-
and active C& extrusion (by PMCA and NCX) at dihydroxyvitamin D to a hypocalcemic challenge is
the basolateral membrane. €areabsorption in the  shown inFigure 4-12 Low blood C&P, as detected
thick ascending limb (TAL) of the loop of Henleuses by the CaSR on the parathyroid chief cells, stimulates
both paracellular and transcellular transport mecha-PTH secretion. In the kidney, PTH rapidly increases
nisms.Paracellular transportin the TAL is driven by ~ C&P levels by increasing fractional reabsorption of
a lumen-positive electrical gradient established by theC&® in the distal renal tubules. The renal effects of
Na-K-2Cl transporter in the luminal membrane follow- PTH on C&P reabsorption are reinforced by &4
ing KP leakage back into the lumen. The CaSR s locatetevels as sensed by the CaSR and, to a lesser extent,
in the basolateral membrane of TAL cells, and its activaby 1,25-dihydroxyvitamin D. PTH also inhibits the ac-
tion by high serum calcium inhibits the Na-K-2Cl sym- tivity of the sodium-dependent phosphate transporter
porter and reduces paracellular®aransport Fig. 4-  (NPT2), thereby increasing Pi excretion. The relative
11). Clinically, inhibition of this transporter byoop di-  loss of phosphate serves to increase free, ionized
ureticssuch as furosemide has been used to treat hyper€&? in the blood. At the bone, PTH stimulates oste-
calcemia. Transcellular &4 transport in thecortical  oblasts to secrete RANKL, which, in turn, rapidly
portion ofthe TAL and thedistal convoluted tubuleoc-  increases osteoclast activity, leading to increased bone
curs by an active transport process that is stimulated byesorption and the release of €aand Pi into the
PTH (sed-ig. 4-1). Inhibition of the thiazide-sensitive blood.

NaP-Cl symporter in the luminal membrane of distal In a slower phase of the response to hypocalcemia,
tubule cells enhances E'i’areabsorption.T hiazide di- PTH and low C&” directly stimulate &-hydroxylase
ureticsare therefore used to prevent renal calcium wast{CYP1]) expression in the proximal renal tubule, thereby
ing in idiopathic hypercalciuria. increasing 1,25-dihydroxyvitamin D levels. In the small

As discussed earlier, intestinal absorption ofintestine, 1,25-dihydroxyvitamin D supports adequate
phosphae is largely psportional to the amount of ~ C&® levels in the long term by stimulating &aabsorp-
phosphate in the diet and is only slightly regulatedtion. These effects occur over hours and days and in-
by 1,25-dihydroxyvitamin D. This leaves the kidney volve increasing the expression of TrpV5 and TrpV6
with an important role in the regulation of circulating calcium channels, calbindindd and PMCA. 1,25-
phosphate levels. Phosphate is mostly reabsorbed Hyihydroxyvitamin D also stimulates osteoblast release
the proximal convoluted tubule through a hormonally of RANKL, thereby amplifying the effect of PTH.
regulated transcellular route. As in the small intestine,  1,25-Dihydroxyvitamin D and the CaSR play key roles
phosphate enters the apical surface of the proximain negative feedback. Thus, elevated PTH stimulates 1,25-
tubules in a rate-limiting manner through a dihydroxyvitamin D production, which then inhibits PTH
sodium-phosphate cotransporter (NPT)In contrast  gene expression directly, and indirectly by up regulating
to the NPT isoform expressed in the intestine the CaSR. 1,25-Dihydroxyvitamin D also represses renal
(NPT2b), the kidney expresses an additional isoform,la-hydroxylase activity while increasing 24-hydroxylase
NPT2a which is under strong hormonal regulation. activity. As blood C& levels rise back to normal levels,
PTH down regulates NPT2a expression on the apicathey shut off PTH secretion anddydroxylase.
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Ca2 Transport Along the Nephron
DT

~60% UF

PT,
\

»70%
A

cco
TAL > 1%

» 20%

FIGURE 4-11n Handling of C&#P by the distal nephron and proximal nephron (see text). Diagram of the nephron and the
transport pattern of C&£P along the nephron(From Koeppen BM, StantorR&al Physiologygrd ed., St. Louis, 2001, Mosby.

Details of the €@ reabsorption by the TAL and DCT were drawn by Dr. John Harrison, University of Connecticut Health Ce
Farmington, Conn.)

to show this effect. There are no definitive complica-
tions from calcitonin deficiency or excess in humans.
The primary actions otalcitonin are on  For this reason, it is unlikely that calcitonin has an im-
bone and kidney. Calcitonin lowers serum calcium portant physiologic role in humans. Medical interest
and phosphate levels, primarily by inhibiting bone in calcitonin stems from the fact that potent forms
resorption, in many species of animals. However,of calcitonin can be used therapeutically in the treat-
although human calcitonin can lower serum calcium ment of bone disorders. Calcitonin is also a useful his-
and phosphate levels in humans, it takes high dosetchemical marker of medullary thyroid cancer.
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Negative feedback
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FIGURE 4-12n Integrated response
to a hypocalcemic challenge.

A A

- -
)

>

).

The cells that produce calcito- Calcitonin ReceptofFhecalcitonin receptoris closely
nin are called theparafollicular C cells These cells related to the secretin and PTH/PTHrP receptors. Itis
are derived from the ultimobranchial bodies and a seven-transmembranea&coupled receptor that
become incorporated and interspersed among theacts primarily through cAMP-dependent signaling
thyroid follicles as the thyroglossal duct migratespathways. In contrast to the PTH/PTHrP receptor,
caudally. Parafollicular C cells do not invade the thy-the calcitonin receptor is expressed in osteoclasts.
roid epithelium and thus are not in contact with the Calcitonin acts rapidly and directly on osteoclasts to
follicular colloid. suppress bone resorptioRaget diseases character-
.ized by excessive bone turnover that is driven by large,

Structure, Synthesis, and Secretion of Calcitonif.
oo . . . izarre osteoclasts (see later). Because these osteoclasts
Calcitonin is a 32-amino acid polypeptide. Because . o . i
. - : o L retain the calcitonin receptor, active forms of calcito-
thereis minimal species variation, calcitonins from

) . . L nin can be used to suppress aberrant osteoclastic activ-
other species are biologically active in humans. In fact, . . . L
o . . Ity in patients with this disease.
salmon calcitonin is about 20 times more potent in - : .
S . The calcitonin receptor is also expressed in the
humans than human calcitonin. Normal serum calci-

tonin levels are about 10 to 50 pg/mL, and its half-life nephron, where calcitonin inhibits phosphate and cal-

S S . cium reabsorption.
in circulation is less than 1 hour. Because the primary P

site of inactivation is the kidney, serum calcitonin ] ]
levels are often elevated in renal failure. Alternativdiormonal Regulation of Calcium and
splicing of the calcitonin gene in other tissues can pro-Phosphate: Regulators Overexpressed
ducecalcitonin gene-related peptid¢ CGRP, which by Cancers
is a potent vasodilator and positive cardiac inotrope. Parathyroid Hormone—Related PeptiBarathyroid

The secretion of calcitonin is primarily regulated by hormone—related peptide (PTHrP)s a peptide para-
the same CaSR that regulates PTH secretion. Howevestine factor that shows limited structural similarity to
elevated extracellular &alevels stimulate the synthesis PTH but nevertheless binds to and signals through
and secretion of calcitonin. the PTH/PTHrP receptor. PTHrP is expressed in several
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developing tissues, including the growth plate of bones The la-hydroxylase enzyme is expressed by mono-
and the mammary glands. PTHrP is not regulated bycytes and peripheral macrophages. In the autoimmune
circulating calcium and normally does not play a role disease of sarcoidosis, overactive macrophages pro-
in CaP /Pi homeostasis in the adult. However, certain duce high levels of 1,25-dihydroxyvitamin D, resulting
neoplasias can secrete high levels of PTHrP, which theim hypercalcemia.

produces symptoms of hyperparathyroidism (see later).

CLINICAL BOX 4-5

Fibroblast growth factor-23 (FGF23) is an approxi-
mately 30-kDa peptide that is normally expressed by os-
teocytes. It acts on proximal tubule cells of the kidney to
inhibit Pi reabsorption and promote phosphate excre-
tion. FGF23 is inactivated by a protease that cleaves
FGF23 into N-terminal and C-terminal peptides. One
protease involved in FGF23 processing, although it is
not a direct substrate, isPHEX (for phosphate-
regulating gene with homologies to endopeptidases
on the X chromosome). PHEX is mutated X-linked
hypophosphatemia characterized by renal phosphate
wasting, rickets, osteomalacia, and inappropriate low-
normal levels of 1,25-dihydroxyvitamin D.

Current evidence indicates that when PHEX is
mutated, FGF23 levels increase and inhibit both
phosphate reabsorption and 4-hydroxylase in the prox-

Regulation of C&?* /Pi Metabolism by
Gonadal and Adrenal Steroid Hormones

Gonadal and adrenal steroid hormoneshave pro-
found effects on calcium and phosphate metabolism
and skeletal healtlEstradiol-1h (E,; seeChapter 1)

has a bonanabolic and calciotropic effect at several sites.
E, stimulates intestinal calcium absorption and renal
tubular calcium reabsorption.Jts also one of the most
potent regulators of osteoblast and osteoclast function.
Estrogen promotes survival of osteoblasts and apoptosis
of osteoclasts, thereby favoring bone formation over
resorption. In postmenopausal women, estrogen defi-
ciency results in an initial phase of rapid bone loss that
lasts about 5 years, followed by a second phase of slower
bone loss. During the second phase, the individual is
chronically challenged with hypocalcemia because of in-
efficient calcium absorption and renal calcium wasting.

imal renal tubules. Increased expression of FGF23 has
been linked toautosomal recessive hypophosphatemic
rickets and tumor-induced rickes/osteomalacia

This can result in secondary hyperparathyroidism,
which further exacerbates bone loss. Exercise, high levels
of dietary calcium with supplemental vitamin D, and
hormonal replacement therapy can prevent postmeno-
pausal osteoporosiéndrogensalso have bone anabolic
and calciotropic effects, although some of these effects
are due to the peripheral conversion of testosterone to
E, (seeChapter 9.

Regulation of C&* /Pi Metabolism by
Immune and Inflammatory Cells

It is interesting to note that the RANKL/RANK/

osteoprotegerin S|gr]al|ngst§zm s similar to the TNF re- In contrast to gonadasdteroids, theadrenal gluco-
ceptor/NFkB signaling pathways used in cells involved . ™ . i
corticoids (e.qg., cortisol) promote bone resorption

in the immune system and in inflammation. This link : g S i
: . and renal calcium wasting and inhibit intestinal cal-
is further stressed by the fact that activated T cells express . : L
. . . : cium absorption. Patients treated with high levels of
high levels of RANKL in response to stimulation by the . .
. : : . a glucocorticoid (e.g., as an anti-inflammatory and
cytokines, TNFa, and several interleukins. Thus, inflam- . : )
. . o immunosuppressive drug) can develop glucocorti-
matory bone diseases (e.g., rheumatoid arthritis) are as- . ;
. . . coid-induced osteoporosis.
sociated with increased RAM-to-osteoprotegerin

ratios in the vicinity of the inflammatory site, with sub-

sequent erosions of bone and osteoporosis. PATHOLOGIC DISORDERS OF

RANKL is also overproduced by cells associate¢C ALCIUM AND PHOSPHATE
with several malignant bone diseases (e.g., multiplggA| ANCE

myeloma, skeletal metastatic breast cancer). As noted o )

earlier, some malignant cells also overexpress pTHrilyperparathyroidism (Primary)

which induces RANKL expression in neighboring Primary hyperparathyroidism is caused by excessive
osteoblasts. Thus, several malignancies are associaggwduction of PTH by the parathyroid glands. Itis fre-
with bone damage and hypercalcemia. guently caused by a single adenoma confined to one of
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the parathyroid glands. A common cause of parathy-stones(nephrolithiasis) are common because hyper-
roid adenoma is the overexpression of BlRADIgene  calcemia eventually leads to hypercalciuria and
(parathyroid adenomatosis gene), which encodes théncreased phosphate clearance leads to phosphaturia.
cell cycle regulator, cyclin D1. The high urinary calcium and phosphate concen-
Patients with primary hyperparathyroidism have trations increase the tendency for precipitation of cal-
high serum calcium levels and, in most cases, low sezium-phosphate salts in the soft tissues of the kidney.
rum phosphate levels. Hypercalcemia is a result ofVhen serum calcium levels exceed about 13 mg/dL
bone demineralization, increased Gl calcium absorp-with a normal phosphate level, the calcium-phosphate
tion (mediated by 1,25-dihydroxyvitamin D), and solubility product is exceeded. At this level, insoluble
increased renal calcium reabsorption. The majorcalcium-phosphate salts form, which results in calcifi-
symptoms of the disorder are directly related to in- cation of soft tissues such as blood vessels, skin, lungs,
creased bone resorption, hypercalcemia, and hyperca&nd joints.
ciuria (Fig. 4-13. High serum calcium levels decrease People with hyperparathyroidism have evidence of
neuromuscular excitability. People with hyperpara- increased bone turnover, such as elevated levels of se-
thyroidism often show psychological disorders, partic- rum alkaline phosphatase and osteocalcin, which indi-
ularly depression, that may be associated withcate high osteoblastic activity, and increased urinary
increased serum calcium leveBok 4-1). Other neu-  hydroxyproline levels, which indicates high bone
rologic symptoms include fatigue, mental confusion, resorptive activity. Hydroxyproline is an amino acid
and at very high levels (5 mg/dL), coma. Hypercal- characteristically found in type | collagen. When the
cemia can cause cardiac arrest. Hypercalcemia carollagen is degraded, urinary hydroxyproline excretion
result in peptic ulcer formation because calcium increases. Although hyperparathyroidism will eventu-
increases gastrin secretion (¥ekapter 3. Kidney ally causeosteoporosis(bone loss involving both

Primary hyperparathyroidismA, Radiographs of middle and distal phalanges of index finger show
subperiosteal bone resorption of shafts and tip of distal phalan®, Second radiograph taken after bone had healed
after treatment by removal of parathyroid hematomgFrom Besser GM, Thorner Milinical Endocrinology,London,
1994, Mosby-Wolfe.)
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decreasing fractional calcium reabsorption. Although
fractional calcium reabsorption decreases, the urinary
calcium level is generally low. Alkalosis occurs be-
cause bicarbonate excretion decreases; this further
lowers the free calcium level in serum. Although
the serum calcium level is low, bone demineralization
is usually not a problem because of the high serum
phosphate level. Hypocalcemia increases neuromus-
cular excitability, increasing the possibility of tetany
and even convulsions. Hypocalcemia alters cardiac
function. It can produce a first-degree heart block.
The low serum calcium level decreases myocardial
contractility.

The most prominent symptom of hypoparathy-
roidism is increased neuromuscular excitability
osteoid and mineral), it is not necessarily the present{Box4-2. Low serum calcium concentrations decrease
ing symptom. However, bone demineralization is the neuromuscular threshold. Thesinbe manifested
apparent. These individuals frequently exhibjper- s repetitive responses to a single stimulus and as spon-
chloremic acidosis Some people with hyperparathy- taneous neuromuscular discharge. The increased neu-
roidism have the bone disordeosteitis fibrosa ~romuscular excitability can result in tingling in the
cystica,which is characterized by bone pain, multiple fingers or toes (paresthesia), muscle cramps, or even
bone cysts, a tendency for pathologic fractures of longetany. Laryngeal spasms can be fatal. Sometimes the

bones, and histologic abnormalities of the bone. serum calcium levelis not low enough to produce overt
tetany, but latent tetany can be demonstrated by inflat-

o ing a blood pressure cuff on the arm to a pressure
Pseudohypoparathyroidism greater than systolic pressure for 2 minutes. The resul-

Pseudohypoparathyroidism is a rare familial disordertant oxygen deficiency precipitates overt tetany as
characterized by tissue resistance to PTH. In many indemonstrated byarpal-pedal spasmsThis is called
stances, the problem is thought to originate with the Trousseau sign(Fig. 4-144. Another test is to tap
PTH receptor. Often there is a decrease in levels ofhe facial nerve, which evokes facial muscle spasms
the guanine nucleotide—binding protein, Gs. Individ- (Chvostek sign).

uals with pseudohypoparathyroidism demonstrate in- ~ Treatment of hypoparathyroidism is difficult
creased PTH secretion and low serum calcium leveldecausef the lack of readilyavailable effective hu-
sometimes associated with congenital defects of thean PTH. The disorder is frequently treated with a
skeleton, including shortened metacarpal and meta-

tarsal bones.

Hypoparathyroidism
Hypoparathyroidism is associated with low serum
calcium levels and high serum phosphate level
The hypocalcemia results from both a PTH and a
1,25-dihydroxyvitamin D deficiency. Consequently,
there is a decrease in bone calcium mobilization b
both osteoclastic resorption and osteocytic osteolysi
Because 1,25-dihydroxyvitamin D is deficient, Gl
absorption of calcium is impaired. The PTH defi-
ciency decreases renal calcium reabsorption, there
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high-calcium diet, vitamin D, and occasionally thia-
zide diuretics to decrease renal calcium clearance.
Thiazide diuretics increase calcium reabsorption in
the thick ascending limb of the loop of Henle. Acute
hypocalcemia can be treated with intravascular cal-
cium gluconate infusion.

Hypomagnesemia resulting from either severe
malabsorption or chronic alcoholism can cause hy-
poparathyroidism. Hypomagnesemia impairs the se-
cretion of PTH and decreases the biologic response
to PTH.

Vitamin D Deficiency

Vitamin D deficiency produces hypocalcemia and hy-
pomagnesemia and decreases Gl absorption of cal-
cium and phosphate. The drop in the serum
calcium level stimulates PTH secretion, which stimu-
lates renal phosphate clearance, thereby aggravating
the serum phosphate loss. Because the level of the
calcium-phosphate product in serum, and hence in
body fluids, is low, bone mineralization is impaired,
and demineralization is increased. This leads to oste-
omalacia in adults or rickets in children. The second-
ary elevation in PTH can produce osteoporosis.
Rickets and osteomalacia are disorders in which bone
mineralization is defective. Osteoid is formed, but
it does not mineralize adequately. If the calcium-
phosphate product level or the pH in bone fluid bath-
ing the osteoid is low, demineralization rather than
mineralization is favoredRicketss caused by a vita-
min D deficiency before skeletal maturation; it in-
volves problems in not only the bone but also the
cartilage of the growth platd={g. 4-14B and I Oge-
omalacids the term used when inadequate bone min-
A, Position of hand in hypocalcemic tetany. ~ €ralization occurs after skeletal growth is complete and

B, Radiograph of left hand of 9-year-old boy with rickets the epiphyses have closed.

caused by malnutrition. He would eat only potato chips. All

the bony structures are osteopenic. Note widening of space

between provisional zone of calcification and epiphysis Paget Disease

of left radius. C, After 2months of force feedings, rickets paget disease results in bone deformities. It is char-

has .S.Ubs'ded' Note d.e.cregsed W'dth of sSpace petween acterized by an increase in bone resorption followed
provisional zone of calcification and epiphysis of radius and . . . :
by an increase in bone formation. The new bone is

increased bone calcificationD, Radiograph of skull of v ab | and often i lar. S Ik
patient with Paget disease. Thickness of skull is increased, 9&N€rally abnormal and often irreguiar. serum afka-

and sclerotic changes are seen scattered throughout skull, N phosphatase and osteocalcin levels are in-
consistent with healing phase of Paget diseag.from Hall — creased, as are those of urinary hydroxyproline.
R, Evered DColor Atlas of Endocrinology2nd ed., London, Pain, bone deformation, and bone weakness can
1990, Mosby-Wolfg to D, Courtesy of Dr. C. Joe.) occur (Fig. 4-14D.
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5000
Approximately 0.9 g, or more than 50% of dietary
phosphate, is normally lost in the urine in a day. Con-
sequently, the kidney serves as the major excretory 3000
route for phosphate. As renal function, and hence _
phosphate clearance, decreases, the serum phosphage
concentration rises. The increase in serum phosphatey
concentration will lower serum calcium levels by i’
exceeding the solubility product and hence increasingy. 600 .
calcium-phosphate precipitation. A drop in the serum & .
calcium level is an effective stimulus for PTH, and 3
serum PTH levels also ris&i¢. 4-1%. In addition, 400 . **
vitamin D activation by #&-hydroxylase occurs in .
the renal proximal tubules. In kidney failure, . .
vitamin D activation is impaired, which decreases 200 .
Gl absorption of calcium and phosphate. This results
in a further drop in the serum calcium level and aggra- T
vates the preexisting problem with excess PTH secre- 0
tion. The result is to stimulate bone resorption and 3 4 5 6 7 8 9 10 11 12
demineralization. As bone demineralization occurs, Serum phosphate (mg/dL)

I aggrav_ates the hyperpho_sphatemla because the re_nlga]tURE 4-15n Relationship between serum parathormone
mechanisms of counteracting the hyperphosphatemletPTH) level and serum phosphate level in patients

1000

are now defective. o with renal failure. (Redrawn from Bordier PF, Marie PF,
Figure 4-1Ghows the effect of renal impairmenton amaud CD: Evolution of renal osteodystrophy: Correlation of
phosphate, calcium, vitamin D, and PTH. bone histomorphometry and serum mineral and immunoreactive

parathyroid hormone values before and after treatment with
calcium carbonate or 25-hydroxycholecafGdamy. Int 7
[Suppl 2]:102, 1975.).

FIGURE 4-16n The physiologic basis
of bone loss in renal failure. Gl,
gastrointestinal; PTH, parathyroid
hormone.
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SUMMARY

1.

Serum calcium levels are a function of the rate at
which calcium enters fronGl absorption and
bone demineralization and leaves through bone
mineralization, Gl excretion, and renal excretion. 8.
Serum calcium levels are normally maintained
within a narrow range.

Serum phosphate levels are determined by the rate at
which phosphate entefisom Glabsorption, softtis-

sue efflux, and bone demineralization and leaves
through Gl excretion, soft tissue influx, bone miner-
alization, and renal excretion. Serum phosphate
levels normally fluctuate over arelatively wide range.

. The major physiologic hormones regulating

serum calcium and phosphatlevels are parathy-
roid hormone (PTH) and 1,25-dihydroxyvitamin
D (calcitriol). Calcitonin is an important phar-
macologic regulator of calcium and phosphate.
PTH is an 84-amino acid peptide, whose ex-
pressionis regulatedby serum C&P through
the C&P-sensing receptor (CaSR) and 1,25-
dihydroxyvitamin D. PTH is made by the princi-
pal cells of the parathyroid glands. PTH binds to
the PTH/PTHrP receptor, which is primarily
coupled to a Gs/cCAMP/PKA pathway.

Vitamin D can be synthesized from 7-
dehydrocholesterol inskin in the presence of
ultraviolet light. It is hydroxylated to 25-
hydroxycholecalciferol (calcifediol) in the liver
and activated by renalathydroxylase to 1,25-
dihydroxycholecalciferol (calcitriol). PTH stimu-
lates the renal la-hydroxylase activity, whereadlO.
1,25-dihydroxyvitamin D negatively feeds back
on the enzyme. 1,25-Dihydroxyvitamin D binds
to a nuclear vitamin D receptor (VDR), which
regulates specific gene expression.
1,25-Dihydroxyvitamin D strongly promotes in-
testhal C&P absorption and weakly increases
Pi absorption. PTH has little if any direct effect
at the intestine.

Osteoblasts are bone-forming cells that are of
mesenchymal originThey synthesize bone ma-
trix and produce an environment that promotes 12.
bone mineralization. Osteocytes are osteoblasts
that have become entrapped in bone. Osteoclasts

11.

are large, multinucleate cells derived from hema-
topoietic stem cells. Mature, activated osteoclasts
secrete enzymes and acid that resorb bone.

The flux of C&P and Piinto and out of bone is de-
termined by the relative activities of osteoblasts
versus osteoclasts, which exist as basic multicellu-
lar units at about 2 million sites within bone. Bone
resorption isinitiated by osteoblasts, which recruit
and activate monocyte-macrophage-lineage cells
to become mature polykaryonic osteoclasts. This
occurs through the expression of M-CSF and
RANKL by osteoblasts, which bind to their recep-
tors, C-FMS and RANK, respectively, on osteo-
clasts. Bone repair is initiated by the release of
osteoprotegerin (OPG) from osteoblasts, which
acts as a soluble decoy for RANKL. This causes
osteoclasts to stop bone resorption and either
move to a new resorption site or undergo apop-
tosis. Osteoblasts then secrete osteoid, which
undergoes calcification. As osteoblasts secrete
osteoid in a lamellar, outside-in, configuration,
they reform osteons.

. The PTH/PTHrP receptor is expressed on the

osteblast, not the ostclast. PTH promotes
osteoblast differentiation, proliferation, and sur-
vival, and intermittent administration of PTH
promotes bone formation. PTH also increases
M-CSF and RANKL expression by osteoblasts,
and a chronic high level of PTH shifts the balance
in favor of bone resorption.
1,25-Dihydroxyvitamin D acts through the VDR
on osteoblasts to increase esblast differentia-
tion, promote secretion of normal osteoid com-
ponents, and sensitize osteoblasts to PTH.

PTH increases the fractional reabsorption of cal-
cium at the distahephron.However, because the
filtered load of calcium increases, renal excretion
of calcium typically increases after PTH adminis-
tration. PTH decreases renal Pi and bicarbonate
reabsorption. 1,25-Dihydroxyvitamin D increases
both C&P and Pi reabsorption by the kidney.
Calcitonin acts on osteoclasts to inhibit their
bone-resorptive function and on tHédney to in-
hibit Ca?? reabsorption. Although active analogs
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of calcitonin are useful pharmacologic agents for

the treatment of imbalances in @ahomeostasis

stones because of hypercalciuria and hyperphos-
phaturia.

(e.g., Paget disease), endogenous human calcitd5. Patients with hypoparathyroidism typically have

nin does not play an important role in G&/Pi
homeostasis.

13. Other factors that regulate €& and/or Pi levels,
either physiologically or pathophysiologically, in-

hypocalcena, hyperphosphatemia, hypochlore-
mia, and alkalosis. They may show symptoms
of increased neuromuscular excitability such as
paresthesias, muscle cramps, and tetany.

clude PTHrP, FGF23, gonadal steroids, and adre46. Childrenwith a vitamin D deficiency are prone to

nal steroids.
14. Patients with hyperparathyroidism typically have
hypercalcemia,hypophosphatemia, hyperchlo-

remia, and acidosis. They are prone to kidney

How would the loss of 1,25-dihydroxyvitamin D
directly and indirectly altePTH secretion?

2. What s the relationship between osteoblasts and
bone resorption?

3. Why does unregulated overproduction of PTHrP
(e.g., poduced by a tumor) cause hypercalcemia?

1,25-Dihydroxyvitamin D

n Adrenal corticoids (cortisol)

n Autosomal-recessive hypophosphatemic
rickets

deelop ricketswhereas adults with a vitamin D
deficiency develop osteomalacia. The vitamin
D deficiency results in decreased Gl absorption
of calcium, phosphate, and magnesium.

. What would be the effect of overproduction

of osteoprotegerin on bonalensity?

. How does vitamin D deficiency affect Pi

levels? Why?

. What is the physiologic basis for polyuria and

nocturia in hyperparathyroidisr?

. Why are the urinary calcium level and fractional

reabsrption of calcium
hypoparathyroidism?

typically low in
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HYPOTHALAMUS-PITUITARY
COMPLEX

OBJECTIVES

1. Discuss the embryology and anatomy of the pituitary 4. Develop the concept of an endocrine axis.

gland. 5. Describe the cytology of the adenohypophysis, along
2. Review the function of the neurohypophysis (posterior with the structure and function of the six hormones pro-

pituitary), including the synthesis, regulation, and func- duced by the adenohypophysis.

tion of two neurohormones: antidiuretic hormone g piscuss the significant direct effects of growth hormone

(ADH; also called vasopressin) and oxytocin. and prolactin on nonendocrine organs.

3. Describe the neurovascular connection between the hypo- 7 present some forms of pituitary pathophysiology.
thalamus and the adenohypophysis (anterior pituitary).

he pituitary gland (also called théypoph-  development, a caudal extension of the primitive fore-
ysi9 is a small (about 0.5 g in weight) yet complex en- brain (i.e., the diencephalon) grows toward the roof of
docrine structure at the base of the forebrdiig(. 5-1A  the primitive oral cavity Fig. 5-3. This neural down-
and B). It is composed of an epithelial component, growth, called thénfundibulum , secretes factors that
called the adenohypophysisor anterior pituitary,  induce the epithelium of the roof of the oral cavity to
and a neural structure, called theeurohypophysis  extend cranially toward the base of the developing
The caudal end of the neurohypophysis is called thebrain. This extension of the oral ectoderm is called
pars nervosa, or posterior pituitary. The anterior pitu- Rathke pouch As Rathke pouch moves upward, the
itary contains five cell types that secrete six hormonedollowing events occur:
The neurohypophysis acts as a site of release of multiple ) _ )
neurohormones. All endocrine functions of the pitui- 1. Rathke pouch loses its contact with the oral cavity,

negative and positive feedback loops structure. Remnants of Rathke pouch may persist

and can give rise to craniopharyngiomas.
EMBRYOLOGY AND ANATOMY 2. Rathke pouch comes into direct contact with the

infundibulum. The cells on the posterior side of
Microscopic examination of the pituitary reveals two  the pouch lumen facing the infundibulum give rise
distinct types of tissues: epithelial and neural to thepars intermediain the fetus. These cells de-
(Fig. 5-1C and D)This dual nature of the gland isbest ~ generate in the adult human pituitary. The cells on
understood by reviewing its development. During the anterior side of the pouch lumen facing away

99
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A, Magnetic resonance image of the head shows the proximity of the hypothalamus and pituitary gland
and their connection by a neurohypophyseal (pituitary) stalB, Pituitary gland is located in the sella turcicéarrow).
C, Histology of pars distalisD, Histology of pars nervosa. A, acidophil; B, basophil; Cp, chromophobe; H, Herring
bodies. (A, Courtesy of Dr. Steven Weiner. From Berne RM, Levy MN, Koeppe®BMiottgi5th ed., St. Louis, 2004,
Mosby, 2004B, Courtesy of Dr. C. J&@eandD, From Young B, Lowe JS, Stevens A)Vbealer's Functional Histology,
5th ed., Edinburgh, 2006, Churchill Livingstone, 2006.)

from the infundibulum expand considerably and 3. The infundibular process expands at its lower end

give rise to thgpars distalis The pars distalis makes
up almost all of the adenohypophysis in the adult
and is also referred to as ttanterior pituitary.

A third division of Rathke pouch develops into
the pars tuberalisand is composed of a thin layer
of cells that wrap around the infundibular stalk at
the superior end of the anterior pituitary. To sum-
marize, the adenohypophysis (i.e., thpithelial
portion of the pituitary, or anterior pituitary) de-
velops from epithelial cells (the oral ectoderm)
and is composed of the pars distalis, a thin layer
called the pars tuberalis, and the pars intermedia,
which is lost in adult humans.

to give rise to a structure called tipars nervosa
The pars nervosa is also called pusterior lobe

of the pituitary (or simply, the posterior pitui-
tary). At the superior end of the infundibulum, a
funnel-shaped swelling develops calledrtredian
eminence The rest of the infundibular process,
which extends from the medium eminence down
to the pars nervosa, is called the infundibulum.
To summarize, the neurohypophysis develops from
a downgrowth ofneural tissueat the base of the
diencephalon (corresponding to the hypothalamus
in the adult) and gives rise to the pars nervosa, the
infundibulum, and the median eminence. The
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infundibulum and the pars tuberalis make up the (also calledrasopressijpand oxytocin. The cell bod-

pituitary stalk.

CLINICAL BOX 5-1

With development, the pituitary gland becomes
encased in the sphenoid bone in a structure called
the sella turcica (see Fig. 5-1). The pituitary stalk
emerges superiorly out of the sella turcica in the vicinity
of the optic nerves and optic chiasm. Generally, cancers
of the pituitary have only one way to expand, which
is superiorly into the brain and against theptic nerves.
Thus, any increase in the size of the pituitary is often
associated withdizzinessor vision problems The sella
turcica is sealed off from the brain by a membrane
called thediaphragma sellae Defective development
of the diaphragma sellae can allow cerebrospinal fluid
to enter the sellar cavity and encroach on developing pi-
tuitary tissue. This can give rise &npty sella syndrome,
which represents a reduction of pituitary tissue (but not
always pituitary function) within the sella turcica.

NEUROHYPOPHYSIS

The pars nervosa isreeurovascularstructure that is

ies of the neurons that project to the pars nervosa are
located in thesupraoptic nuclei (SON)and paraven-
tricular nuclei (PVN) of the hypothalamus (in this
context, anucleusefers to a collection of neuronal cell
bodies residing within the central nervous system
[CNS]—aganglioris a collection of neuronal cell bod-
ies residing outside the CNS). The cell bodies of these
neurons are described amgnocellular(i.e., large cell
bodies) and are equipped with enough biosynthetic
capacity to produce a short-lived peptide hormone
that is released into and diluted by the peripheral cir-
culation. The magnocellular neurons project axons
down the infundibular stalk as theypothalamohypo-
physeal tracts These axons terminate in the pars ner-
vosa Fig. 5-3. In addition to axonal processes and
termini from the SON and PVN, there are glial-like
supportive cells callguituicytes. As is typical of endo-
crine organs, the posterior pituitary is extensively vas-
cularized, and the capillaries are fenestrated, thereby
facilitating diffusion of hormones into the vasculature.

Synthesis of Antidiuretic Hormone
(Vasopressin) and Oxytocin

the site of release of neurohor