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A TABLE 19-1 Types of Thyroid Dysfunctions

Thyroid Dysfunction Cause

Hypothyroidism Primary failure of the thyroid gland

Secondary to hypothalamic or anterior
pituitary failure

Lack of dietary iodine

Hyperthyroidism Abnormal presence of thyroid-stimulating

immunoglobulin (TSI) (Graves’ disease)

Secondary to excess hypothalamic or anterior
pituitary secretion

Hypersecreting thyroid tumor
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g Tsand Ts, h TSH Yes

g Tsand Ts, g TRH and/or g TSH

No
g Tsand Ts, h TSH Yes
h Tsand Ts, g TSH Yes
h Tsand Ts, h TRH and/or h TSH Yes
h Tsand T+, g TSH No

Anterior pituitary

Thyroid-stimulating
immunoglobulin (TSI)
(an antibody)

(No stimulation)
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FIGURE 19-4 Role of thyroid-stimulating immunoglobulin
ks disease. Thyroid-stimulating immunoglobulin (TSI),

anlibody erroneously produced in the i dition of

mm&ce@com myxedema u’)ea :)aau o’)mweory) myx gomga;n,gaé,ﬁ, s(Praves’ disease, binds with the TSH receptors on the thyroid gland

edema is often used as a synonym for hypothyroidism in an
adult because of the prominence of this symptom.

If a person has hypothyroidism from birth, a condition
known as cretinism develops. Because adequate levels of thy-
roid hormone are essential for normal growth and CNS devel-
opment, cretinism is characterized by dwarfism and mental re-
tardation as well as other general symptoms of thyroid deficiency.
The mental retardation is preventable if replacement therapy is
started promptly, but it is not reversible once it has developed
for a few months after birth, even with later treatment with
thyroid hormone.

Treatment of hypothyroidism, with one exception, consists
of replacement therapy by administering exogenous thyroid
hormone. The exception is hypothyroidism caused by iodine
deficiency, in which the remedy is adequate dietary iodine.

HYPERTHYROIDISM The most common cause of hyperthyroid-
ism is Graves’ disease. This is an autoimmune disease in which
the body erroneously produces thyroid-stimulating immuno-

and continuously stimulates thyroid hormone secretion outside the

oA SIAHNGreedback control system.

globulin (TSI), also known as long-acting thyroid stimulator
(LATS), an antibody whose target is the TSH receptors on the
thyroid cells. TSI stimulates both secretion and growth of the
thyroid in a manner similar to TSH. Unlike TSH, however, TSI
is not subject to negative-feedback inhibition by thyroid hor-
mone, so thyroid secretion and growth continue unchecked
(s Figure 19-4). Less frequently, hyperthyroidism occurs sec-
ondary to excess TRH or TSH or in association with a hyperse-
creting thyroid tumor.

As expected, the hyperthyroid patient has an elevated BMR.
The resultant increase in heat production leads to excessive
perspiration and poor tolerance of heat. Despite the increased
appetite and food intake that occur in response to increased
metabolic demands, body weight typically falls because the
body is burning fuel at an abnormally rapid rate. Net degrada-

333(%: o@

« FIGURE 19-5 Patient displaying exophthalmos. Abnormal

fluid retention behind the eyeballs causes them to bulge forward.

tion of carbohydrate, fat, and protein stores occurs. The resul-
tant loss of skeletal muscle protein results in weakness. Various
cardiovascular abnormalities are associated with hyperthyroid-
ism, caused both by the direct effects of thyroid hormone and
by its interactions with catecholamines. Heart rate and strength
of contraction may increase so much that the individual has
palpitations (an unpleasant awareness of the heart’s activity). In
severe cases, the heart may fail to meet the body’s metabolic
demands despite increased cardiac output. The effects on the
CNS are characterized by an excessive degree of mental alert-
ness to the point where the patient is irritable, tense, anxious,
and excessively emotional.

A prominent feature of Graves’ disease but not of the other
types of hyperthyroidism is exophthalmos (bulging eyes)

(s Figure 19-5). Complex, water-retaining carbohydrates are
deposited behind the eyes, although why this happens is still
unclear. The resulting fluid retention pushes the eyeballs for-
ward so they bulge from their bony orbit. The eyeballs may
bulge so far that the lids cannot completely close, in which case
the eyes become dry, irritated, and prone to corneal ulceration.
Even after correction of the hyperthyroid condition, these
troublesome eye symptoms may persist.

Three general methods of treatment can suppress excess
thyroid hormone secretion: use of antithyroid drugs that spe-
cifically interfere with thyroid hormone synthesis (for example,
drugs that block symporter uptake of I or drugs that inhibit
thyroperoxidase); surgical removal of a portion of the overse-
creting thyroid gland; or administration of radioactive iodine,
which, after being concentrated in the thyroid gland by the io-
dide pump, selectively destroys thyroid glandular tissue.

A goiter develops when the thyroid gland
is overstimulated.
A goiter is an enlarged thyroid gland. Because the thy-
roid lies over the trachea, a goiter is readily palpable and
usually highly visible (« Figure 19-6). A goiter occurs
whenever either TSH or TSI excessively stimulates the thyroid
gland. Note from a Table 19-1 that a goiter may accompany hy-
pothyroidism or hyperthyroidism, but it need not be present in
either condition. Knowing the hypothalamuspituitarythyroid
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« FIGURE 19-6 Patient with a goiter.

dysfunction will produce a goiter. Let us consider hypothyroid-
ism first.

*  Hypothyroidism secondary to hypothalamic or anterior pi-
tuitary failure will not be accompanied by a goiter, because the
thyroid gland is not being adequately stimulated, let alone ex-
cessively stimulated.

= With hypothyroidism caused by thyroid gland failure or
lack of iodine, a goiter does develop because the circulating
level of thyroid hormone is so low that there is little negative-
feedback inhibition on the anterior pituitary and hypothala-
mus, and TSH secretion is therefore elevated. TSH acts on the
thyroid to increase the size and number of follicular cells and to
increase their rate of secretion. If the thyroid cells cannot se-
crete hormone because of a lack of a critical enzyme or lack of
iodine, no amount of TSH will be able to induce these cells to
secrete Tsand Ts. However, TSH can still promote hypertrophy
and hyperplasia of the thyroid, with a consequent paradoxical
enlargement of the gland (that is, a goiter), even though the
gland is still underproducing.

Similarly, a goiter may or may not accompany hyperthyroidism:

*  Excessive TSH secretion resulting from a hypothalamic or
anterior pituitary defect would obviously be accompanied by a
goiter and excess Tsand Tssecretion because of overstimula-
tion of thyroid growth. Because the thyroid gland in this cir-
cumstance is also capable of responding to excess TSH with
increased hormone secretion, hyperthyroidism is present with
this goiter.

* InGraves’ disease, a hypersecreting goiter occurs because
TSI promotes growth of the thyroid as well as enhancing secre-
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The Peripheral Endocrine Glands

Translating...

Adrenal Adrenal
medulla cortex
Connective tissue
capsule
Mineralocorticoids Zona
(aldosterone) glomerulosa
Adrenal
gland
Zona
fasciculata
Glucocorticoids
(cortisol)
and
sex hormones
(dehydroepiandrosterone)
Zona
reticularis
Catecholamines Medulla

(epinephrine and
norepinephrine)

(a) Location and gross structure of adrenal glands

« FIGURE 19-7 Anatomy of and hormonal sccretion by the adrenal glands.

Tsand Tsinhibit the anterior pituitary, TSH secretion itself is
low. In all other cases when a goiter is present, TSH levels are
elevated and are directly responsible for excessive growth of the
thyroid.

*  Hyperthyroidism resulting from overactivity of the thyroid
in the absence of overstimulation, such as caused by an uncon-
trolled thyroid tumor, is not accompanied by a goiter. The spon-
taneous secretion of excessive amounts of Tsand Tsinhibits
TSH, so there is no stimulatory input to promote growth of the
thyroid. (Even though a goiter does not develop, a tumor may
cause enlargement of the thyroid, depending on the nature or
size of the tumor.)

Adrenal Glands

There are two adrenal glands, one embedded above each kid-
ney in a capsule of fat (ad means “next to”; renal means “kid-
ney”) (« Figure 19-7a).

698 Chapter 19

Cholesterol

Pregneneolone 17-Hydroxypregneneolone

Progesterone 17-Hydroxyprogesterone

(female sex hormone)

11-Deoxycorticosterone Deoxycortisol

https://translate.googleusercontent.com/translate_f

(b) Layers of adrenal cortex

Each adrenal gland consists
of a steroid-secreting cortex
and a catecholamine-secreting medulla.

Each adrenal is composed of two endocrine organs, one sur-
rounding the other. The outer layers composing the adrenal
cortex secrete a variety of steroid hormones; the inner portion,

the adrenal medulla, secretes catecholamines. Thus, the adrenal

cortex and medulla secrete hormones belonging to different

chemical categories, whose functions, mechanisms of action, and
regulation are entirely different. We will first examine the adrenal

cortex before turning our attention to the adrenal medulla.

The adrenal cortex secretes mineralocorticoids,
glucocorticoids, and sex hormones.

The adrenal cortex consists of three layers or zones: the zona
glomerulosa, the outermost layer; the zona fasciculata, the
middle and largest portion; and the zona reticularis, the in-
nermost zone (« Figure 19-7b). The adrenal cortex produces a

Dehydroepiandrosterone
(adrenal cortex hormone)

Androstenedione Estrone

Testosterone Estradiol

tion of thyroid hormone. Because the high levels of circulating

Cortex

697
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Corticosterone

Cortisol

Glucocorticoid
Aldosterone
(adrenal cortex hormone)

Mineralocorticoid
(adrenal cortex hormone)

« FIGURE 19-8 Steroidogenic pathways for the major steroid hormones. All steroid

Androgens
(male sex hormones)

Translating... Estriol

Estrogens
(female sex hormones)

hormones are produced through a series of enzymatic reactions that modify cholesterol mole-

cules, such as by varying the side groups attached to them. Each steroidogenic organ can pro-

duce only those steroid hormones for which it has a complete set of the enzymes needed to ap-

propriately modify cholesterol, after first converting it to pregneneolone. The active hormones

duced in the id i h are highlighted by screens. The intermediates that are

P P

not biologically active in humans are not screened. The adrenal cortex has the enzymes necessary

to convert cholesterol into the mineralocorticoid aldosterone, the glucocorticoid cortisol, and the

weak androgen dehydroepiandrosterone. The testes can synthesize the potent androgen testoster-

one. The ovaries produce various estrogens and progesterone.

number of different adrenocortical hormones, all of which are
steroids derived from the common precursor molecule, choles-
terol. All steroidogenic (“steroid-producing”) tissues first con-
vert cholesterol to pregnenolone, then modify this common core
molecule by stepwise enzymatic reactions to produce active
steroid hormones. Each steroidogenic tissue has a complement
of enzymes to produce one or several but not all steroid hor-
mones (« Figure 19-8). The adrenal cortex produces a greater
variety of hormones than any other steroidogenic tissue. Slight
variations in structure confer different functional capabilities
on the various adrenocortical hormones. On the basis of their
primary actions, the adrenal steroids can be divided into three
categories:

1. Mineralocorticoids, mainly aldosterone, influence mineral
(electrolyte) balance, specifically Na and K balance.

2. Glucocorticoids, primarily cortisol, play a major role in
glucose metabolism as well as in protein and lipid metabolism
and in adaptation to stress.

3. Sex hormones are identical or similar to those produced by
the gonads (testes in males, ovaries in females). The most abun-
dant and physiologically important of the adrenocortical sex

Page 47

is bound mostly to a plasma protein specific for it called
corticosteroid-binding globulin (transcortin), whereas aldo-
sterone and dehydroepiandrosterone are largely bound to albu-
min, which nonspecifically binds a variety of lipophilic
hormones.

Each of the adrenocortical steroid hormones binds with
a receptor specific for it within the cytoplasm of the hor-
mone’s target cells: Mineralocorticoids bind to the mineralo-
corticoid receptor (MR), glucocorticoids to the glucocorti-
coid receptor (GR), and dehydroepiandrosterone to the
androgen receptor (AR). As is true of all steroid hormones,
each hormone-receptor complex moves to the nucleus and
binds with a complementary hormone-response element in
DNA, namely the mineralocorticoid response element, glu-
cocorticoid response element, and androgen response ele-
ment. This binding initiates specific gene transcription lead-
ing to synthesis of new proteins that carry out the effects of
the hormone.

The major effects of mineralocorticoids
are on Na and K balance and blood
pressure homeostas

The actions and regulation of the primary adrenocortical min-
eralocorticoid, aldosterone,are described thoroughly elsewhere
(Chapters 14 and 15). The principal site of aldosterone action is
on the distal and collecting tubules of the kidney, where it pro-
motes Na retention and enhances K elimination during the
formation of urine. The promotion of Na retention by aldoste-
rone secondarily induces osmotic retention of H.0, expanding
the ECF volume, which is important in the long-term regula-
tion of blood pressure.

Mineralocorticoids are essential for life. Without aldoste-
rone, a person rapidly dies from circulatory shock because of
the marked fall in plasma volume caused by excessive losses of

https://translate.googleusercontent.com/translate_f

hormones is dehydroepiandrosterone, an androgen, or “male”
sex hormone.

The three categories of adrenal steroids are produced in
anatomically distinct portions of the adrenal cortex as a result
of differential distribution of the enzymes required to catalyze
the different biosynthetic pathways leading to the formation of
each of these steroids. Of the two major adrenocortical hor-
mones, aldosterone is produced exclusively in the zona glo-
merulosa, whereas cortisol synthesis is limited to the two inner
layers of the cortex, with the zona fasciculata being the major
source of this glucocorticoid (see « Figure 19-7b). No other
steroidogenic tissues have the capability of producing either
mineralocorticoids or glucocorticoids. In contrast, the adrenal
sex hormones, also produced by the two inner cortical zones,
are produced in far greater abundance in the gonads.

Because the adrenocortical hormones are all lipophilic and
immediately diffuse through the plasma membrane of the ste-
roidogenic cell into the blood after being synthesized, the rate
of secretion is regulated by controlling the rate of synthesis.

Being lipophilic, the adrenocortical hormones are all car-
ried in the blood extensively bound to plasma proteins. Cortisol

The Peripheral Endocrine Glands

METABOLIC EFFECTS The overall effect of cortisol’s metabolic
actions is to increase the concentration of blood glucose at the
expense of protein and fat stores. Specifically, cortisol performs
the following functions:

= It stimulates hepatic gluconeogenesis, the conversion of
noncarbohydrate sources (namely, amino acids) into carbohy-
drate within the liver (gluco means “glucose”; neo means “new”;
genesis means “production”). Between meals or during periods
of fasting, when no new nutrients are being absorbed into the
blood for use and storage, the glycogen (stored glucose) in the
liver tends to become depleted as it is broken down to release
glucose into the blood. Gluconeogenesis is an important factor
in replenishing hepatic glycogen stores and thus in maintaining
normal blood glucose levels between meals. This is essential
because the brain can use only glucose as its metabolic fuel, yet
nervous tissue cannot store glycogen to any extent. The concen-
tration of glucose in the blood must therefore be maintained at
an appropriate level to adequately supply the glucose-dependent
brain with nutrients.

= It inhibits glucose uptake and use by many tissues, but not
the brain, thus sparing glucose for use by the brain, which ab-
solutely requires it as a metabolic fuel. This action contributes
to the increase in blood glucose concentration brought about by
gluconeogenesis.

= It stimulates protein degradation in many tissues, especially
muscle. By breaking down a portion of muscle proteins into
their constituent amino acids, cortisol increases the blood
amino acid concentration. These mobilized amino acids are
available for use in gluconeogenesis or wherever else they are
needed, such as for repair of damaged tissue or synthesis of new
cellular structures.

= It facilitates lipolysis, the breakdown of lipid (fat) stores in
adipose tissue, thus releasing free fatty acids into the blood (/y-
sis means “breakdown”). The mobilized fatty acids are available
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ciency may eventually lead to a premature death.

Aldosterone secretion is increased by (1) activation of the
reninangiotensinaldosterone system (RAAS) by factors re-
lated to a reduction in Na and a fall in blood pressure and
(2) direct stimulation of the adrenal cortex by a rise in plasma
K concentration (see « Figure 14-22, p. 535). In addition to its
effect on aldosterone secretion, angiotensin promotes growth of
the zona glomerulosa, in a manner similar to the effect of TSH
on the thyroid. Adrenocorticotropic hormone (ACTH) from
the anterior pituitary primarily promotes the secretion of corti-
sol, not aldosterone. Thus, unlike cortisol regulation, the regu-
lation of aldosterone secretion is largely independent of anterior
pituitary control.

Glucocorticoids exert metabolic effects and play
a key role in adaptation to stress.

Cortisol, the primary glucocorticoid, plays an important role in
carbohydrate, protein, and fat metabolism; executes significant
permissive actions for other hormonal activities; and helps
people resist stress.

700 Chapter 19

provide a readily available supply of building blocks for tissue
repair if physical injury occurred. Thus, an increased pool of
glucose, amino acids, and fatty acids is available for use as
needed.

ANTI-INFLAMMATORY AND IMMUNOSUPPRESSIVE EFFECTS
‘When stress is accompanied by tissue injury, inflammatory
and immune responses accompany the stress response. Corti-
sol exerts anti-infl ory and 7
help hold these immune system responses in check-and-

ippressive effects to

balance. An exaggerated inflammatory response has the poten-
tial of causing harm. Cortisol interferes with almost every step
of inflammation. For example, among other anti-inflammatory
actions, cortisol partially blocks production of inflammatory
chemical mediators, such as prostaglandins and leukotrienes
(see p. 758); it suppresses migration of neutrophils to the in-
jured site and interferes with their phagocytic activity (see
p. 423); and it inhibits proliferation of fibroblasts in wound
repair (see p. 425). Cortisol also inhibits immune responses by
interfering with antibody production by lymphocytes. Blurring
the line between endocrine and immune control, lymphocytes
have been shown to secrete ACTH, and some of the cytokines
(such as IL-1, IL-2, and IL-6; see pp. 424 and 441) released
from immune cells can stimulate the hypothalamuspitu-
itaryadrenal axis. In feedback fashion, cortisol in turn has a
profound dampening (turning-down) impact on the immune
system. These interactions between the immune system and
cortisol secretion help maintain immune homeostasis, an area
only beginning to be explored.

Administering large amounts of glucocorticoid inhibits

almost every step of the inflammatory response, mak-

ing these steroids effective drugs in treating conditions
in which the inflammatory response itself has become destruc-
tive, such as rheumatoid arthritis. Glucocorticoids used in this
manner do not affect the underlying disease process; they
merely suppress the body’s response to the disease. Because
glucocorticoids also exert multiple inhibitory effects on the
overall immune process, such as “knocking out of commission”
the white blood cells responsible for antibody production as
well as those that directly destroy foreign cells, these agents
have also proved useful in managing various allergic disorders
and in preventing organ transplant rejections.

When glucocorticoids are administered at pharmacologi-
cal levels (that is, at higher-than-physiologic concentrations),
not only are their anti-inflammatory and immunosuppressive
effects increased but their metabolic effects are also magni-
fied. Therefore, synthetic glucocorticoids have been devel-
oped that maximize the anti-inflammatory and immunosup-
pressive effects of these steroids while minimizing the
metabolic effects.

Even then, when these steroids are employed therapeuti-
cally, they should be used only when warranted and then only
sparingly, for several important reasons. First, because these
drugs suppress the normal inflammatory and immune re-
sponses that form the backbone of the body’s defense system, a
glucocorticoid-treated person has limited ability to resist infec-
tions. Second, troublesome side effects may occur with pro-
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as an alternative metabolic fuel for tissues that can use this en-
ergy source in lieu of glucose, thereby conserving glucose for

the brain. -

pERURRNAIRGTIONS Cortisol is extremely important for its
permissiveness. For example, cortisol must be present in ade-
quate amounts to permit the catecholamines to induce vaso-
constriction. A person lacking cortisol, if untreated, may go
into circulatory shock in a stressful situation that demands im-
mediate widespread vasoconstriction.

ROLE IN ADAPTATION TO STRESS Cortisol plays a key role in
adaptation to stress. Stress of any kind is one of the major
stimuli for increased cortisol secretion. Although cortisol’s pre-
cise role in adapting to stress is not known, a speculative but
plausible explanation might be as follows. A primitive human
or an animal wounded or faced with a life-threatening situation
must forgo eating. A cortisol-induced shift away from protein
and fat stores in favor of expanded carbohydrate stores and in-
creased availability of blood glucose would help protect the
brain from malnutrition during the imposed fasting period.
Also, the amino acids liberated by protein degradation would

Stress. Diurnal rhythm

Hypothalamus

Corticotropin-releasing
hormone (CRH)

Anterior pituitary

Adrenocorticotropic
hormone (ACTH)

Adrenal cortex

Cortisol

Blood glucose
(by stimulating gluconeogenesis
Metabolic fuels and inhibiting glucose uptake)

and building blocks Blood amino acids

available to help (by stimulating protein degradation)

resist stress

Blood fatty acids
(by stimulating lipolysis)

« FIGURE 19-9 Control of cortisol secretion.

cocorticoids. These effects include development of gastric
ulcers, high blood pressure, atherosclerosis, menstrual irregu-
larities, and bone thinning. Third, high levels of exogenous
glucocorticoids act in negative-feedback fashion to suppress the
hypothalamuspituitaryadrenal axis that drives normal glu-
cocorticoid secretion and maintains the integrity of the adrenal
cortex. Prolonged suppression of this axis can lead to irrevers-
ible atrophy of the cortisol-secreting cells of the adrenal gland
and thus to permanent inability of the body to produce its own
cortisol.

Cortisol secretion is regulated by the

Cortisol secretion by the adrenal cortex is regulated by a
negative-feedback system involving the hypothalamus and
anterior pituitary (» Figure 19-9). ACTH from the anterior
pituitary corticotropes, acting through the cAMP pathway,
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longed exposure to higher-than-normal concentrations of glu-

to the zona fasciculata and zona reticularis, ACTH stimulates
both the growth and the secretory output of these two inner
layers of the cortex. In the absence of adequate amounts of
ACTH, these layers shrink considerably and cortisol secretion
is drastically reduced. Recall that angiotensin, not ACTH,
maintains the size of the zona glomerulosa. Like the actions of
TSH on the thyroid gland, ACTH enhances many steps in the
synthesis of cortisol. ACTH mobilizes cholesterol from the
lipid droplets stored in the zona fasciculata and reticularis;
increases production of pregneneolone from cholesterol; and
increases the concentration of enzymes needed to convert
pregneneolone into primarily cortisol, with lesser amounts of
dehydroepiandrosterone. The ACTH-producing cells, in turn,
secrete only at the command of corticotropin-releasing hor-
mone (CRH) from the hypothalamus. CRH stimulates the
corticotropes via the cAMP pathway. The feedback control
loop is completed by cortisol’s inhibitory actions on CRH and
ACTH secretion by the hypothalamus and anterior pituitary,
respectively.

The negative-feedback system for cortisol maintains the
level of cortisol secretion relatively constant around the set
point. Superimposed on the basic negative-feedback control
system are two additional factors that influence plasma cortisol
concentrations by changing the set point: diurnal rhythm and
stress, both of which act on the hypothalamus to vary the secre-
tion rate of CRH.

INFLUENCE OF DIURNAL RHYTHM ON CORTISOL SECRETION Re-
call that the plasma cortisol concentration displays a character-
istic diurnal rhythm, with the highest level occurring in the

morning and the lowest level at night (see « Figure 18-3, p. 665).

This diurnal rhythm, which is governed by the suprachiasmatic
nucleus (the master biological clock that serves as the pace-
maker for the body’s circadian rhythms; see p. 685) is related
primarily to the sleepwake cycle. The peak and low levels are
reversed in a person who works at night and sleeps during the
day. Such time-dependent variations in secretion are of more
than academic interest because it is important clinically to
know at what time of day a blood sample was taken when inter-
preting the significance of a particular value. Also, the linking
of cortisol secretion to daynight activity patterns raises seri-
ous questions about the common practice of swing shifts at
work (that is, constantly switching day and night shifts among
employees). Furthermore, because cortisol helps a person resist
stress, increasing attention is being given to the time of day
various surgical procedures are performed.

INFLUENCE OF STRESS ON CORTISOL SECRETION The other ma-
jor factor that is independent of, and in fact can override, the
stabilizing negative-feedback control is stress. Dramatic in-
creases in cortisol secretion, mediated by the central nervous
system through enhanced activity of the CRHACTH

cortisol system, occur in response to all kinds of stressful situa-
tions. The magnitude of the increase in plasma cortisol concen-
tration is generally proportional to the intensity of the stressful
stimulation: A greater increase in cortisol levels is evoked in
response to severe stress than to mild stress.

702 Chapter 19

Some scientists suspect that the

age-related decline of DHEA

and other hormones such as
GH (see p. 684) and melatonin (see
p. 687) plays a role in some problems of
aging. Early studies with DHEA re-
placement therapy demonstrated some
physical improvement, such as an in-
crease in lean muscle mass and a de-
crease in fat, but the most pronounced
effect was a marked increase in psycho-
logical well-being and an improved
ability to cope with stress. Advocates
for DHEA replacement therapy do not
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stimulates the adrenal cortex to secrete cortisol. Being tropic
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Translating...

The adrenal cortex secretes both male
and female sex hormones in both sexes.

In both sexes, the adrenal cortex produces both androgens, or
“male” sex hormones, and estrogens, or “female” sex hormones.
The main site of production for the sex hormones is the go-
nads: the testes for androgens and the ovaries for estrogens.
Accordingly, males have a preponderance of circulating andro-
gens, whereas in females estrogens predominate. However, no
hormones are unique to either males or females (except those
from the placenta during pregnancy), because the adrenal cor-
tex in both sexes produces small amounts of the sex hormone
of the opposite sex. Additional small amounts of sex hormone
of the opposite sex come from nonadrenal sources. Some tes-
tosterone in males is converted into estrogen by the enzyme
aromatase, found especially in adipose tissue (see p. 752). In
females, the ovaries produce androgen as an intermediate step
in estrogen production (see « Figure 19-8). A little of this an-
drogen is released into the blood instead of being converted
into estrogen.

Under normal circumstances, the adrenal androgens and
estrogens are not sufficiently abundant or powerful to induce
masculinizing or feminizing effects, respectively. The only adre-
nal sex hormone that has any biological importance is the an-
drogen dehydroepiandrosterone (DHEA). The testes’ primary
androgen product is the potent testosterone, but the most abun-
dant adrenal androgen is the much weaker DHEA. (Testoster-
one exerts about 100 times greater “androgenicity” than DHEA.)
Adrenal DHEA is overpowered by testicular testosterone in
males but is of physiologic significance in females, who other-
wise have very little androgens. This adrenal androgen governs
androgen-dependent processes in the female such as growth of
pubic and axillary (armpit) hair, enhancement of the pubertal
growth spurt, and development and maintenance of the female
sex drive.

Because the enzymes required for the production of estro-
gens are found in very low concentrations in the adrenocortical
cells, estrogens are normally produced in very small quantities
from this source.

In addition to controlling cortisol secretion, ACTH (not the
pituitary gonadotropic hormones) controls adrenal androgen
secretion. In general, cortisol and DHEA output by the adrenal
cortex parallel each other. However, adrenal androgens feed
back outside the hypothalamuspituitaryadrenal axis. In-
stead of inhibiting CRH, DHEA inhibits gonadotropin-releasing
hormone, just as testicular androgens do. Furthermore, some-
times adrenal androgen and cortisol output diverge from each
other—for example, at the time of puberty adrenal androgen
secretion undergoes a marked surge, but cortisol secretion does
not change. This enhanced secretion initiates the development
of androgen-dependent processes in females. In males the same
thing is accomplished primarily by testicular androgen secre-
tion, which is also aroused at puberty. The nature of the puber-
tal inputs to the adrenals and gonads is still unresolved.

A surge in DHEA secretion begins at puberty and peaks
between the ages of 25 and 30. After 30, DHEA secretion slowly
tapers off until, by the age of 60, the plasma DHEA concentra-
tion is less than 15% of its peak level.
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suggest that maintaining youthful levels
of this hormone is a fountain of youth

(that is, it is not going to extend the life
span), but they do propose that it may
help people feel and act younger as they
age. Other scientists caution that evi-
dence supporting DHEA as an anti-
aging therapy is still sparse. Also, they
are concerned about DHEA supple-
mentation until it has been thoroughly
studied for possible harmful side effects. For example, some
research suggests a potential increase in the risk of heart disease
among women taking DHEA because of an observed reduction
in HDL, the “good’ cholesterol (see p. 336). Also, high doses of
DHEA have been linked with increased facial hair in women.
Furthermore, some experts fear that DHEA supplementation
may raise the odds of acquiring ovarian or breast cancer in
women and prostate cancer in men.

Ironically, although the Food and Drug Administration
(FDA) banned sales of DHEA as an over-the-counter drug in
1985 because of concerns about very real risks coupled with
little proof of benefits, the product is widely available today as
an unregulated food supplement. DHEA can be marketed as a
dietary supplement without approval by the FDA as long as the
product label makes no specific medical claims.

The adrenal cortex may secrete too much
or too little of any of its hormones.

Although uncommon, there are a number of different

disorders of adrenocortical function. Excessive secre-

tion may occur with any of the three categories of adre-
nocortical hormones. Accordingly, three main patterns of
symptoms resulting from hyperadrenalism can be distinguished,
depending on which hormone type is in excess: aldosterone
hypersecretion, cortisol hypersecretion, and adrenal androgen
hypersecretion.

ALDOSTERONE HYPERSECRETION Excess mineralocorticoid se-
cretion may be caused by (1) a hypersecreting adrenal tumor
made up of aldosterone-secreting cells (primary hyperaldoste-
ronism, or Conn’s syndrome) or (2) inappropriately high ac-
tivity of the reninangiotensinaldosterone system (second-

ary hyperaldosteronism). The latter may be produced by any

amino acids from body proteins for use as glucose precursors.
Loss of muscle protein leads to muscle weakness and fatigue. The
protein-poor, thin skin of the abdomen becomes overstretched

by the excessive underlying fat deposits, forming irregular, red-
dish purple linear streaks. Loss of structural protein within the
walls of the small blood vessels leads to easy bruisability. Wounds
heal poorly, because formation of collagen, a major structural
protein found in scar tissue, is depressed. Furthermore, loss of the
collagen framework of bone weakens the skeleton, so fractures
may result from little or no apparent injury.

ADRENAL ANDROGEN HYPERSECRETION Excess adrenal andro-
gen secretion, a masculinizing condition, is more common than
the extremely rare feminizing condition of excess adrenal estro-
gen secretion. Either condition is referred to as adrenogenital
syndrome, emphasizing the pronounced effects that excessive
adrenal sex hormones have on the genitalia and associated
sexual characteristics.

The symptoms that result from excess androgen secretion
depend on the sex of the individual and the age when the hy-
peractivity first begins.

*  Inadult females. Because androgens exert masculinizing
effects, a woman with this disease tends to develop a male pat-
tern of body hair, a condition referred to as hirsutism. She
usually also acquires other male secondary sexual characteris-
tics, such as deepening of the voice and more muscular arms
and legs. The breasts become smaller, and menstruation may
cease as a result of androgen suppression of the woman’s
hypothalamuspituitaryovarian axis for her own female sex-
hormone secretion.

*  In newborn females. Female infants born with adrenogenital
syndrome manifest male-type external genitalia because exces-
sive androgen secretion occurs early enough during fetal life to
induce development of their genitalia along male lines, similar
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(a) Young boy prior to onset of the condition

(b) Only four months later, the same boy
Translating... displaying a “moon face” characteristic of

Cushing’s syndrome

o FIGURE 19-10 Patient with Cushing’s syndrome.

number of conditions that cause a chronic reduction in arterial

blood flow to the kidneys, thereby excessively activating RAAS.

An example is atherosclerotic narrowing of the renal arteries.

The symptoms of both primary and secondary hyperaldo-
steronism are related to the exaggerated effects of aldosterone—
namely, excessive Na retention (hypernatremia) and K deple-
tion (hypokalemia). Also, high blood pressure (hypertension) is
generally present, at least partially because of excessive Na and
fluid retention.

CORTISOL HYPERSECRETION Excessive cortisol secretion
(Cushing’s syndrome) can be caused by (1) overstimulation of
the adrenal cortex by excessive amounts of CRH and/or ACTH,
(2) adrenal tumors that uncontrollably secrete cortisol indepen-
dent of ACTH, or (3) ACTH-secreting tumors located in places
other than the pituitary, most commonly in the lung. Whatever
the cause, the prominent characteristics of this syndrome are
related to the exaggerated effects of glucocorticoid, with the
main symptoms being reflections of excessive gluconeogenesis.
‘When too many amino acids are converted into glucose, the
body suffers from combined glucose excess (high blood glu-
cose) and protein shortage. Because the resultant hyperglyce-
mia and glucosuria (glucose in the urine) mimic diabetes mel-
litus, the condition is sometimes referred to as adrenal diabetes.
For reasons that are unclear, some of the extra glucose is depos-
ited as body fat in locations characteristic for this disease, typi-
cally in the abdomen, above the shoulder blades, and in the
face. The abnormal fat distributions in the latter two locations
are descriptively called a “buffalo hump” and a “moon face,”
respectively (o Figure 19-10). The appendages, in contrast, re-
main thin because of muscle breakdown.

Besides the effects attributable to excessive glucose produc-
tion, other effects arise from the widespread mobilization of

The Peripheral Endocrine Glands

able in the face of the powerful masculinizing effects of the
much more abundant and potent testosterone from the testes.

The adrenogenital syndrome is most commonly caused by
an inherited enzymatic defect in the cortisol steroidogenic
pathway. The pathway for synthesis of androgens branches from
the normal biosynthetic pathway for cortisol (see « Figure
19-8). When an enzyme specifically essential for synthesis of
cortisol is deficient, the result is decreased secretion of cortisol.
The decline in cortisol secretion removes the negative-feedback
effect on the hypothalamus and anterior pituitary so that levels
of CRH and ACTH increase considerably (s Figure 19-11). The
defective adrenal cortex is incapable of responding to this in-
creased ACTH secretion with cortisol output and instead shunts
more of its cholesterol precursor into the androgen pathway.
The result is excess DHEA production. This excess androgen
does not inhibit ACTH but rather inhibits the gonadotropins.
Because gamete production is not stimulated in the absence of
gonadotropins, people with adrenogenital syndrome are sterile.
Of course, they also exhibit symptoms of cortisol deficiency.

The symptoms of adrenal virilization, sterility, and cortisol
deficiency are all reversed by glucocorticoid therapy. Adminis-
tration of exogenous glucocorticoid replaces the cortisol deficit
and, more dramatically, inhibits the hypothalamus and pituitary
so that ACTH secretion is suppressed. Once ACTH secretion is
reduced, the profound stimulation of the adrenal cortex ceases
and androgen secretion declines markedly. Removing the large
quantities of adrenal androgens from circulation allows mascu-
linizing characteristics to gradually recede and normal gonado-
tropin secretion to resume. Without understanding how these
hormonal systems are related, it would be very difficult to com-
prehend how glucocorticoid administration could dramatically
reverse symptoms of masculinization and sterility.

ADRENOCORTICAL INSUFFICIENCY If one adrenal gland is non-
functional or removed, the other healthy organ can take over
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penis, enlarges under androgen influence and takes on a penile
appearance, so in some cases it is difficult at first to determine
the child’s sex. Thus, this hormonal abnormality is one of the
major causes of female pseudohermaphroditism, a condition
in which female gonads (ovaries) are present but the external
genitalia resemble those of a male. (A true hermaphrodite has
the gonads of both sexes.)

*  In prepubertal males. Excessive adrenal androgen secretion
in prepubertal boys causes them to prematurely develop male
secondary sexual characteristics—for example, deep voice,
beard, enlarged penis, and sex drive. This condition is referred
to as precocious pseudopuberty to differentiate it from true
puberty, which occurs as a result of increased testicular activity.
In precocious pseudopuberty, the androgen secretion from the
adrenal cortex is not accompanied by sperm production or any
other gonadal activity, because the testes are still in their non-
functional prepubertal state.

*  In adult males. Overactivity of adrenal androgens in adult
males has no apparent effect, because any masculinizing effect
induced by the weak DHEA, even when in excess, is unnotice-
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the function of both through hypertrophy and hyperplasia.
Therefore, both glands must be affected before adrenocortical

insufficiency occurs.

In primary adrenocortical insufficiency, also known as
Addisanstadisgase, all layers of the adrenal cortex are underse-
creting. This condition is most commonly caused by autoim-
mune destruction of the cortex by erroneous production of
adrenal cortexattacking antibodies, in which case both aldo-
sterone and cortisol are deficient. Secondary adrenocortical
insufficiency may occur because of a pituitary or hypothalamic
abnormality, resulting in insufficient ACTH secretion. In this
case, only cortisol is deficient because aldosterone secretion
does not depend on ACTH stimulation.

The symptoms associated with aldosterone deficiency in
Addison’s disease are the most threatening. If severe enough,
the condition is fatal because aldosterone is essential for life.
However, the loss of adrenal function may develop slowly and
insidiously so that aldosterone secretion may be subnormal but
not totally lacking. Patients with aldosterone deficiency display
K retention (hyperkalemia), caused by reduced K loss in the
urine, and Na depletion (hyponatremia), caused by excessive
urinary loss of Na . The former disturbs cardiac rhythm. The

also bind with -MSH’s receptors in the
skin and cause darkening of the skin.

Having completed discussion of the
adrenal cortex, we now shift attention to
the adrenal medulla.

The adrenal medulla consists
of modified sympathetic
postganglionic neurons

The adrenal medulla is actually a modified

part of the sympathetic nervous system. A
sympathetic pathway consists of two neu-
rons in sequence—a preganglionic neuron

ACTH originating in the CNS, whose axonal fiber

terminates on a second peripherally lo-
cated postganglionic neuron, which in
turn terminates on the effector organ (see

Adrenal cortex

p. 238). The neurotransmitter released by
sympathetic postganglionic fibers is nor-
Enzyme epinephrine, which interacts locally with

abs . oo :
dosent the innervated organ by binding with spe-

Androgen cific target receptors known as adrenergic
receptors.
The adrenal medulla consists of mod-
ified postganglionic sympathetic neurons
Virilization called chromaffin cells because of their

KEY

= Normal pathways that do not occur
ACTH = Adrenocorticotropic hormone
GnRH = Gonadotropin-releasing hormone

« FIGURE 19-11 Hormonal interrelati ips in adr

syndrome. The ad-

staining preference for chromium ions.
Unlike ordinary postganglionic sympa-
thetic neurons, chromaffin cells do not
have axonal fibers that terminate on effec-
tor organs. Instead, on stimulation by the

FSH = Follicle-stimulating hormone
LH = Luteinizing hormone
CRH = Corticotropin-releasing hormone

preganglionic fiber the chromaffin cells
release their chemical transmitter directly

renocortical cells that are supposed to produce cortisol produce androgens instead because
of a deficiency of a specific enzyme essential for cortisol synthesis. Because no cortisol is se-
creted to act in negative-feedback fashion, CRH and ACTH levels are elevated. The adrenal
cortex responds to increased ACTH by further increasing androgen secretion. The excess an-

drogen produces virilization and inhibits the gonadotropin pathway, with the result that the

into the circulation (see « Figure 7-2,

p. 239). In this case, the transmitter quali-
fies as a hormone instead of a neurotrans-
mitter. Like sympathetic fibers, the adre-

gonads stop producing sex hormones and gametes.

latter reduces ECF volume, including circulating blood volume,
which in turn lowers blood pressure (hypotension).

Symptoms of cortisol deficiency are as would be expected:
poor response to stress, hypoglycemia (low blood glucose)
caused by reduced gluconeogenic activity, and lack of permis-
sive action for many metabolic activities. The primary form
of the disease also produces hyperpigmentation (darkening
of the skin) resulting from excessive secretion of ACTH. Be-
cause the pituitary is normal, the decline in cortisol secretion
brings about an uninhibited elevation in ACTH output (result-
ing from reduced negative feedback). Recall that ACTH and
melanocyte-stimulating hormone (-MSH, a skin-darkening
hormone that promotes dispersion of the pigment melanin) can
both be cleaved from the same pro-opiomelanocortin precursor
molecule (but not at the same time nor in the same organ; see
p. 672). However, being closely related, at high levels ACTH can
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nal medulla does release norepinephrine,

but its most abundant secretory output is

a similar chemical messenger known as

epinephrine. Both epinephrine and nor-
epinephrine belong to the chemical class of catecholamines,
which are derived from the amino acid tyrosine (see p. 661).
Epinephrine and norepinephrine are the same except that epi-
nephrine also has a methyl group.

STORAGE OF CATECHOLAMINES IN CHROMAFFIN GRANULES
Catecholamine is synthesized almost entirely within the cytosol
of the adrenomedullary secretory cells. Once produced, epi-
nephrine and norepinephrine are stored in chromaffin gran-
ules, which are similar to the transmitter storage vesicles found
in sympathetic nerve endings. Segregation of catecholamines in
chromaffin granules protects them from being destroyed by
cytosolic enzymes during storage.

SECRETION OF CATECHOLAMINES FROM THE ADRENAL

MEDULLA Catecholamines are secreted into the blood by exo-
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cytosis of chromaftin granules. Their release is analogous to the
release mechanism for secretory vesicles that contain stored
peptide hormones or the release of norepinephrine at sympa-
thetic postganglionic terminals.

Of the total adrenomedullary catecholamine output, epi-
nephrine accounts for 80% and norepinephrine for 20%.
‘Whereas epinephrine is produced exclusively by the adrenal
medulla, the bulk of norepinephrine is produced by sympa-
thetic postganglionic fibers. Adrenomedullary norepinephrine
is generally secreted in quantities too small to exert significant
effects on target cells. Therefore, for practical purposes we can
assume that norepinephrine effects are predominantly medi-
ated directly by the sympathetic nervous system and that epi-
nephrine effects are brought about exclusively by the adrenal
medulla.

in their affinities for the different adrenergic
receptor types.

Epinephrine and norepinephrine have differing affinities for
four distinctive receptor types: 1, 2, 1, and »adrenergic
receptors (see p. 243) (see A Tables 7-3 and 7-4 to review the
distribution of these receptor types among target organs).

Norepinephrine binds predominantly with and 1 recep-
tors located near postganglionic sympathetic-fiber terminals.
Hormonal epinephrine, which can reach all and 1 receptors
via its circulatory distribution, interacts with these same recep-
tors. Norepinephrine has a little greater affinity than epineph-
rine for the receptors, and the two hormones have approxi-
mately the same potency at the 1 receptors. Thus, epinephrine
and norepinephrine exert similar effects in many tissues, with
epinephrine generally reinforcing sympathetic nervous activity.
In addition, epinephrine activates 2receptors, over which the
sympathetic nervous system exerts little influence. Many of the
essentially epinephrine-exclusive >receptors are located at tis-
sues not even supplied by the sympathetic nervous system but
reached by epinephrine through the blood. Examples include
skeletal muscle, where epinephrine exerts metabolic effects
such as promoting the breakdown of stored glycogen, and bron-
chiolar smooth muscle, where it causes bronchodilation.

Sometimes epinephrine, through its exclusive 2-receptor
activation, brings about a different action from that elicited by
norepinephrine and epinephrine action through their mutual
activation of other adrenergic receptors. As an example, norepi-
nephrine and epinephrine bring about a generalized vasocon-
strictor effect mediated by i-receptor stimulation. By contrast,
epinephrine promotes vasodilation of the blood vessels that
supply skeletal muscles and the heart through »-receptor acti-
vation (see p. 359).

Realize, however, that epinephrine functions only at the
bidding of the sympathetic nervous system, which is solely re-
sponsible for stimulating its secretion from the adrenal me-
dulla. Epinephrine secretion always accompanies a generalized
sympathetic nervous system discharge, so sympathetic activity
indirectly controls actions of epinephrine. By having the more
versatile circulating epinephrine at its call, the sympathetic ner-
vous system has a means of reinforcing its own neurotransmit-
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ter effects plus a way of executing additional actions on tissues
that it does not directly innervate.

system and exerts additional metabolic effects.

Adrenomedullary hormones are not essential for life, but virtu-
ally all organs in the body are affected by these catecholamines.
They play important roles in mounting stress responses, regu-
lating arterial blood pressure, and controlling fuel metabolism.
The following sections discuss epinephrine’s major effects,
which it achieves either in collaboration with the sympathetic
transmitter norepinephrine or alone to complement direct
sympathetic response.

EFFECTS ON ORGAN SYSTEMS Together, the sympathetic ner-
vous system and adrenomedullary epinephrine mobilize the
body’s resources to support peak physical exertion in emer-
gency or stressful situations. The sympathetic and epinephrine
actions constitute a fight-or-flight response that prepares the
person to combat an enemy or flee from danger (see p. 240).
Specifically, the sympathetic system and epinephrine increase
the rate and strength of cardiac contraction, increasing cardiac
output, and their generalized vasoconstrictor effects increase
total peripheral resistance. Together, these effects raise arterial
blood pressure, thus ensuring an appropriate driving pressure
to force blood to the organs most vital for meeting the emer-
gency. Meanwhile, vasodilation of coronary and skeletal muscle
blood vessels induced by epinephrine and local metabolic fac-
tors shifts blood to the heart and skeletal muscles from other
vasoconstricted regions of the body.

Because of their profound influence on the heart and blood
vessels, the sympathetic system and epinephrine also play an
important role in the ongoing maintenance of arterial blood
pressure.

Epinephrine (but not norepinephrine) dilates the respiratory
airways to reduce the resistance encountered in moving air in
and out of the lungs. Epinephrine and norepinephrine also re-
duce digestive activity and inhibit bladder emptying, both activi-
ties that can be “put on hold” during a fight-or-flight situation.

METABOLIC EFFECTS Epinephrine exerts some important meta-
bolic effects. In general, epinephrine prompts the mobilization
of stored carbohydrate and fat to provide immediately available
energy for use as needed to fuel muscular work. Specifically,
epinephrine increases the blood glucose level by several differ-
ent mechanisms. First, it stimulates both hepatic (liver) gluco-
neogenesis and glycogenolysis, the latter being the breakdown
of stored glycogen into glucose, which is released into the
blood. Epinephrine also stimulates glycogenolysis in skeletal
muscles. Because of the difference in enzyme content between
liver and muscle, however, muscle glycogen cannot be con-
verted directly to glucose. Instead, the breakdown of muscle
glycogen releases lactate into the blood. The liver removes lac-
tate from the blood and converts it into glucose, so epineph-
rine’s actions on skeletal muscle indirectly help raise blood
glucose levels. Epinephrine and the sympathetic system may
further add to this hyperglycemic effect by inhibiting the secre-

Stressor

for removing glucose from the blood, and by stimulating gluca-
gon, another pancreatic hormone that promotes hepatic glyco-
genolysis and gluconeogenesis. In addition to increasing blood
glucose levels, epinephrine also increases the level of blood fatty
acids by promoting lipolysis.

Epinephrine’s metabolic effects are appropriate for fight-or-
flight situations. The elevated levels of glucose and fatty acids
provide additional fuel to power the muscular movement re-
quired by the situation and also assure adequate nourishment
for the brain during the crisis when no new nutrients are being
consumed. Muscles can use fatty acids for energy production,
but the brain cannot.

Because of its other widespread actions, epinephrine also

https://translate.googleusercontent.com/translate_f

Specific response characteristic
of type of stressor

Body

Nonspecific generalized response
regardless of type of stressor =
Stress response

o FIGURE 19-12 Action of a stressor on the body.

hemorrhagic shock, pain); infectious (bacterial invasion); psy-
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work of the heart and respiratory muscles increases, and the

pace of liver metabolism steps up. Thus, epinephrine as well as

thyroid hormone can increase the metabolic rate.

OTHER EFFECTS Epinephrine affects the central nervous system
to promote a state of arousal and increased CNS alertness. This

permits “quick thinking” to help cope with the impending
emergency. Many drugs used as stimulants or sedatives exert
their effects by altering catecholamine levels in the CNS.

Both epinephrine and norepinephrine cause sweating,
which helps the body rid itself of extra heat generated by in-
creased muscular activity. Also, epinephrine acts on smooth
muscles within the eyes to dilate the pupil and flatten the lens.
These actions adjust the eyes for more encompassing vision so
that the whole threatening scene can be quickly viewed.

Sympathetic stimulation of the adrenal medulla
is solely responsible for epinephrine release.

Catecholamine secretion by the adrenal medulla is controlled
entirely by sympathetic input to the gland. When the sympa-
thetic system is activated under conditions of fear or stress, it
simultaneously triggers a surge of adrenomedullary catechol-
amine release. The concentration of epinephrine in the blood
may increase up to 300 times normal, with the amount of epi-
nephrine released depending on the type and intensity of the
stressful stimulus.

Because both components of the adrenal gland play an exten-

sive role in responding to stress, this is an appropriate place to
pull together the major factors involved in the stress response.

Integrated Stress Response

Stress is the generalized, nonspecific response of the body to
any factor that overwhelms, or threatens to overwhelm, the

body’s compensatory abilities to maintain homeostasis. Con-
trary to popular usage, the agent inducing the response is cor-

rectly called a stressor, whereas stress refers to the state induced
by the stressor. The following types of noxious stimuli illustrate

the range of factors that can induce a stress response: physical
(trauma, surgery, intense heat or cold); chemical (reduced O:
supply, acidbase imbalance); physiologic (heavy exercise,

g@ﬂﬁ%ﬁﬁg@ﬂ%ﬁg“@%ﬂ, sorrow); and social (per-

The stress response is a generalized

Tpatteting.of reactions to any situation
that threatens homeostasis.

Different stressors may produce some specific responses char-
acteristic of that stressor; for example, the body’s specific re-
sponse to cold exposure is shivering and skin vasoconstriction,
whereas the specific response to bacterial invasion includes in-
creased phagocytic activity and antibody production. In addi-
tion to their specific response, however, all stressors produce a
similar nonspecific, generalized response (s Figure 19-12). This
set of responses common to all noxious stimuli is called the
general adaptation syndrome. When a stressor is recognized,
both nervous and hormonal responses bring about defensive
measures to cope with the emergency. The result is a state of
intense readiness and mobilization of biochemical resources.

To appreciate the value of the multifaceted stress response,
imagine a primitive cave dweller who has just seen a large wild
beast lurking in the shadows. We will consider both the neural
and hormonal responses that would take place in this scenario.
The body responds in the same way to modern-day stressors.
You are already familiar with all these responses. At this time we
are just examining how these responses work together.

ROLES OF THE SYMPATHETIC NERVOUS SYSTEM AND EPINEPH-
RINE IN STRESS The major neural response to such a stressful
stimulus is generalized activation of the sympathetic nervous
system. The resultant increase in cardiac output and ventilation
as well as the diversion of blood from vasoconstricted regions
of suppressed activity, such as the digestive tract and kidneys, to
the more active vasodilated skeletal muscles and heart prepare
the body for a fight-or-flight response. Simultaneously, the sym-
pathetic system calls forth hormonal reinforcements in the

form of a massive outpouring of epinephrine from the adrenal
medulla. Epinephrine strengthens sympathetic responses and
reaches places not innervated by the sympathetic system to
perform additional functions, such as mobilizing carbohydrate
and fat stores.

ROLES OF THE CRH ACTH CORTISOL SYSTEM IN STRESS Be-
sides epinephrine, a number of other hormones are involved in

The Peripheral Endocrine Glands

A TABLE 19-2 Major Hormonal Changes during the Stress Response
Hormone Change Purpose Served
Epinephrine h Reinforces the sympathetic nervous system to prepare the body for “fight or flight™

Mobilizes carbohydrate and fat energy stores; increases blood glucose and blood fatty

acids

CRH-ACTH-Cortisol

Mobilizes energy stores and metabolic building blocks for use as needed; increases

blood glucose, blood amino acids, and blood fatty acids

ACTH facilitates learning and behavior

Glucagon h Act in concert to increase blood glucose and blood fatty acids
Insulin B
. h .
Renin— " Conserve salt and H20 to expand the plasma volume; help sustain blood pressure when
Angiotensin— acute loss of plasma volume occurs

Aldosterone;

, .
Vasopressin pressure

Vasopressin facilitates learning

the overall stress response (4 Table 19-2). The predominant
hormonal response is activation of the CRHACTHcortisol
system. Recall that cortisol’s role in helping the body cope with
stress is presumed to be related to its metabolic effects. Cortisol
breaks down fat and protein stores while expanding carbohy-
drate stores and increasing the availability of blood glucose. A
logical assumption is that the increased pool of glucose, amino
acids, and fatty acids is available for use as needed, such as to
sustain nourishment to the brain and provide building blocks
for repair of damaged tissues.

In addition to the effects of cortisol in the hypothalamus
pituitaryadrenal cortex axis, ACTH may also play a role in

https://translate.googleusercontent.com/translate_f

Angiotensin II and vasopressin cause arteriolar vasoconstriction to increase blood

lower blood glucose. If it were not for the deliberate inhibition
of insulin during the stress response, the hyperglycemia caused
by stress would stimulate secretion of glucose-lowering insulin.
As a result, the elevation in blood glucose could not be sus-
tained. Stress-related hormonal responses also promote a re-
lease of fatty acids from fat stores because lipolysis is favored by
epinephrine, glucagon, and cortisol but opposed by insulin.

*  Maintenance of blood volume and blood pressure through in-
creased renin angiotensin aldosterone and vasopressin activity.
In addition to the hormonal changes that mobilize energy stores
during stress, other hormones are simultaneously called into play
to sustain blood volume and blood pressure during the emer-
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esisting stress. ACTH s one of several peptides that facilitate
feamlln ang %ehavion Tilus, an inc\;easepmp /&%‘:ISH gurlang psy-
chosocial stress may help the body cope more readily with
similar stressors in the future by facilitating the learning of ap-

propriate behavioral responses.

ROLE OF OTHER HORMONAL RESPONSES IN STRESS Besides the
CRHACTHCcortisol system, other hormonal systems play
key roles in the stress response, as follows:

= Elevation of blood glucose and fatty acids through decreased
insulin and increased glucagon. The sympathetic nervous system
and the epinephrine secreted at its bidding both inhibit insulin
and stimulate glucagon. These hormonal changes act in concert
to elevate blood levels of glucose and fatty acids. Epinephrine
and glucagon, whose blood levels are elevated during stress,
promote hepatic glycogenolysis and (along with cortisol) he-
patic gluconeogenesis. However, insulin, whose secretion is
suppressed during stress, opposes the breakdown of liver glyco-
gen stores. All these effects help increase the concentration of
blood glucose. The primary stimulus for insulin secretion is a
rise in blood glucose; in turn, a primary effect of insulin is to

708 Chapter 19

Posterior
pituitary

Vasopressin

Adrenal medulla

Epinephrine

gency. The sympathetic system and epinephrine play major roles
in acting directly on the heart and blood vessels to improve circu-

latory function. In addition, RAAS is activated as a consequence
of a sympathetically induced reduction of blood supply to the
kidrigmédatimg 527). Vasopressin secretion is also increased dur-
ing stressful situations (see p. 565). Collectively, these hormones
expand the plasma volume by promoting retention of salt and
H:O. Presumably, the enlarged plasma volume serves as a protec-
tive measure to help sustain blood pressure should acute loss of
plasma fluid occur through hemorrhage or heavy sweating during
the impending period of danger. Vasopressin and angiotensin also
have direct vasopressor effects, which would be of benefit in main-
taining an adequate arterial pressure in the event of acute blood
loss (see p. 359). Vasopressin is further believed to facilitate learn-
ing, which has implications for future adaptation to stress.

The multifaceted stress response is coordinated
by the hypothalamus.
All the individual responses to stress just described are either

directly or indirectly influenced by the hypothalamus (. Figure
19-13). The hypothalamus receives input concerning physical

Stressor
Hypothalamus CRH
Sympathetic Anterior
nervous system pituitary

ACTH

Adrenal cortex

Cortisol

Glucagon-secreting cells
Insulin-secreting cells

Endocrine
pancreas

Glucagon Insulin

« FIGURE 19-13 Integration of the stress response
by the hypothalamus.

and emotional stressors from virtually all areas of the brain and
from many receptors throughout the body. In response, the
hypothalamus directly activates the sympathetic nervous sys-
tem, secretes CRH to stimulate ACTH and cortisol release, and
triggers the release of vasopressin. Sympathetic stimulation, in
turn, brings about the secretion of epinephrine, with which it
has a conjoined effect on the pancreatic secretion of insulin and
glucagon. Furthermore, vasoconstriction of the renal afferent
arterioles by the catecholamines indirectly triggers the secre-
tion of renin by reducing the flow of oxygenated blood through
the kidneys. Renin, in turn, sets in motion RAAS. In this way,
the hypothalamus integrates the responses of both the sympa-
thetic nervous system and the endocrine system during stress.

https://translate.googleusercontent.com/translate_f

Arteriolar
smooth muscle

Vasoconstriction

Blood flow
through kidneys

Renin Angiotensin Aldosterone

Activation of the stress response by chronic
psychosocial stressors may be harmful.

Acceleration of cardiovascular and respiratory activity, retention
of salt and H.0, and mobilization of metabolic fuels and build-
ing blocks can be of benefit in response to a physical stressor,
such as an athletic competition. Most of the stressors in our ev-
eryday lives are psychosocial in nature; however, they induce
these same magnified responses. Stressors such as anxiety about
an exam, conflicts with loved ones, or impatience while sitting in
a traffic jam can elicit a stress response. Although the rapid mo-
bilization of body resources is appropriate in the face of real or
threatened physical injury, it is generally inappropriate in re-
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sponse to nonphysical stress. If no extra energy is demanded, no
tissue is damaged, and no blood lost, body stores are being bro-
ken down and fluid retained needlessly, probably to the detri-
ment of the emotionally stressed individual. In fact, there is
strong circumstantial evidence for a link between chronic expo-
sure to psychosocial stressors and the development of patho-
logical conditions such as high blood pressure, although no de-
finitive cause-and-effect relationship has been ascertained. As a
result of “unused” stress responses, could hypertension result
from too much sympathetic vasoconstriction? From too much
salt and H20 retention? From too much vasopressin and angio-
tensin pressor activity? A combination of these? Other factors?
Recall that hypertension can develop with prolonged exposure
to pharmacological levels of glucocorticoids. Could long-
standing lesser elevations of cortisol, such as might occur in the
face of continual psychosocial stressors, do the same thing, only
more slowly? Considerable work remains to be done to evaluate
the contributions that the stressors in our everyday lives make
toward disease production.

Endocrine Control
of Fuel Metabolism

We have just discussed the metabolic changes that are elicited
during the stress response. Now we will concentrate on the
metabolic patterns that occur in the absence of stress, including
the hormonal factors that govern this normal metabolism.

Fuel metabolism includes anabolism,
catabolism, and interconversions among
energy-rich organic molecules.

The term metabolism refers to all the chemical reactions that
occur within the cells of the body. Those reactions involving the
degradation, synthesis, and transformation of the three classes
of energy-rich organic molecules—protein, carbohydrate, and
fat—are collectively known as intermediary metabolism, or
fuel metabolism (A Table 19-3).

A TABLE 19-3

Metabolic Process

Glycogenesis

Glycogenolysis

Gluconeogenesis

Protein Synthesis

Protein Degradation

Fat Synthesis (Lipogenesis or Triglyceride Synthesis)

Fat Breakdown (Lipolysis or Triglyceride Degradation)
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During the process of digestion, large nutrient molecules
(macromolecules) are broken down into their smaller absorb-
able subunits as follows: Proteins are converted into amino ac-
ids, complex carbohydrates into monosaccharides (mainly glu-
cose), and triglycerides (dietary fats) into monoglycerides and
free fatty acids. These absorbable units are transferred from the
digestive tract lumen into the blood, either directly or by way of
the lymph (Chapter 16).

ANABOLISM AND CATABOLISM These organic molecules are
constantly exchanged between the blood and body cells. The
chemical reactions in which the organic molecules participate
within the cells are categorized into two metabolic processes:
anabolism and catabolism (e Figure 19-14). Anabolism is the
buildup or synthesis of larger organic macromolecules from
small organic molecular subunits. Anabolic reactions generally
require energy input in the form of ATP. These reactions result
in either (1) the manufacture of materials needed by the cell,
such as cellular structural proteins or secretory products; or

(2) storage of excess ingested nutrients not immediately needed
for energy production or needed as cellular building blocks.
Storage is in the form of glycogen (the storage form of glucose)
or fat reservoirs. Catabolism is the breakdown, or degradation,
of large, energy-rich organic molecules within cells. Catabolism
encompasses two levels of breakdown: (1) hydrolysis (see p. 29)
of large cellular organic macromolecules into their smaller sub-
units, similar to the process of digestion except that the reac-
tions take place within the body cells instead of within the di-
gestive tract lumen (for example, release of glucose by the
catabolism of stored glycogen); and (2) oxidation of the smaller
subunits, such as glucose, to yield energy for ATP production
(see p. 37).

As an alternative to energy production, the smaller, multi-
potential organic subunits derived from intracellular hydrolysis
may be released into the blood. These mobilized glucose, fatty
acid, and amino acid molecules can then be used as needed for
energy production or cellular synthesis elsewhere in the body.

In an adult, the rates of anabolism and catabolism are gen-
erally in balance, so the adult body remains in a dynamic

Summary of Reactions in Fuel Metabolism

Reaction Consequence

Glucose n glycogen g Blood glucose

Glycogen n glucose h Blood glucose

Amino acids n glucose h Blood glucose

Amino acids n protein g Blood amino acids

. . h Blood amino acids
Protein n amino acids

Fatty acids and glycerol n triglycerides g Blood fatty acids

Triglycerides n fatty acids and glycerol h Blood fatty acids

Ralph Pleasant/FPG/Getty Images

Dietary carbohydrate Dietary triglyceride fat

Paul Poplis Photography, Inc./Stockfood America
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Amino acids
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« FIGURE 19-14 Summary of the major pathways involving organic nutrient

molecules.

Monoglycerides

Urea Urinary excretion
(elimination from body)

Use as metabolic fuel
in cells:

Oxidation to
CO2 H20 ATP (energy)

Expired
(elimination from body)
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A TABLE 19-4

Stored Metabolic Fuel in the Body

The Peripheral Endocrine Glands

Percentage
of Total
Body Energy

Metabolic Circulating Storage Major Content (and

Fuel Form Form Storage Site Calories*)

Carbohydrate Glucose Glycogen Liver, muscle 1% (1500
calories)

Fat Free fatty acids Triglycerides Adipose tissue 77% (143,000
calories)

Protein Amino acids Body proteins Muscle 22% (41,000

*Actually refers to kilocalories; see p. 642.

steady state and appears unchanged even though the organic
molecules that determine its structure and function are con-
tinuously being turned over. During growth, anabolism ex-
ceeds catabolism.

INTERCONVERSIONS AMONG ORGANIC MOLECULES In addi-
tion to being able to resynthesize catabolized organic mole-
cules back into the same type of molecules, many cells of
the body, especially liver cells, can convert most types of
small organic molecules into other types—as in, for example,
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calories)

Reservoir

Capacity

Less than a day’s

worth of energy

About two months’

worth of energy

Death results long
before capacity is
fully used because
of structural and
functional

impairment

Role

First energy source;
essential for the

brain

Primary energy res-
ervoir; energy source

during a fast

Source of glucose for
the brain during a
fast; last resort to
meet other energy

needs

Because food intake is intermittent, nutrients
must be stored for use between meals.

Dietary fuel intake is intermittent, not continuous. As a result,
excess energy must be absorbed during meals and stored for use
during fasting periods between meals, when dietary sources of
metabolic fuel are not available. Despite discontinuous energy
intake, the body cells’ demand for energy is ever-present and
fluctuating. That is, energy must constantly be available for cells
to use on an as-needed basis no matter what the status of food

711

44773



04/08/2021

Page 60

Human Physiology: From Cells to Systems, 7th ed.

transforming amino acids into glucose or fatty acids. Because
of these interconversions, adequate nourishment can be
provided by a wide range of molecules present in different
types of foods. There are limits, however. Essential nutrients,
such as the essential amino acids and vitamins, cannot be
formed in the body by conversion from another type of or-
ganic molecule.

The major fate of both ingested carbohydrates and fats is
catabolism to yield energy. Amino acids are predominantly
used for protein synthesis but can be used to supply energy after
being converted to carbohydrate or fat. Thus, all three catego-
ries of foodstuff can be used as fuel, and excesses of any food-
stuff can be deposited as stored fuel, as you will see shortly.

At a superficial level, fuel metabolism appears relatively
simple: The amount of nutrients in the diet must be sufficient to
meet the body’s needs for energy production and cellular syn-
thesis. This apparently simple relationship is complicated, how-
ever, by two important considerations: (1) nutrients taken in at
meals must be stored and then released between meals, and
(2) the brain must be continuously supplied with glucose. Let us
examine the implications of each.

712 Chapter 19

stored to provide energy for about two months, more so in an
overweight person. Consequently, during any prolonged period
of fasting, the fatty acids released from triglyceride catabolism
serve as the primary source of energy for most tissues. The ca-
tabolism of stored triglycerides frees glycerol as well as fatty
acids, but quantitatively speaking, the fatty acids are far more
important. Catabolism of stored fat yields 90% fatty acids and
10% glycerol by weight. Glycerol (but not fatty acids) can be
converted to glucose by the liver and contributes in a small way
to maintaining blood glucose during a fast.

As a third energy reservoir, a substantial amount of energy
is stored as structural protein, primarily in muscle, the most
abundant protein mass in the body. Protein is not the first
choice to tap as an energy source, however, because it serves
other essential functions; in contrast, the glycogen and triglyc-
eride reservoirs serve solely as energy depots.

The brain must be continuously supplied
with glucose.

The second factor complicating fuel metabolism besides inter-
mittent nutrient intake and the resultant necessity of storing
nutrients is that the brain normally depends on the delivery of
adequate blood glucose as its sole source of energy. Conse-
quently, the blood glucose concentration must be maintained
above a critical level. The blood glucose concentration is typi-
cally 100 mg glucose/100 ml plasma and is normally kept
within the narrow limits of 70 to 110 mg/100 ml.: Liver glyco-
gen is an important reservoir for maintaining blood glucose
levels during a short fast. However, liver glycogen is depleted
relatively rapidly, so during a longer fast other mechanisms
must meet the energy requirements of the glucose-dependent
brain. First, when no new dietary glucose is entering the blood,
tissues not obligated to use glucose shift their metabolic gears to
burn fatty acids instead, sparing glucose for the brain. Fatty
acids are made available by catabolism of triglyceride stores as
an alternative energy source for tissues that are not glucose de-
pendent. Second, amino acids can be converted to glucose by
gluconeogenesis, whereas fatty acids cannot. Thus, once glyco-
gen stores are depleted despite glucose sparing, new glucose
supplies for the brain are provided by the catabolism of body
proteins and conversion of the freed amino acids into glucose.

Metabolic fuels are stored during
the absorptive state and mobilized
during the postabsorptive state.

The preceding discussion should make clear that the disposi-
tion of organic molecules depends on the body’s metabolic
state. The two functional metabolic states—the absorptive state
and the postabsorptive state—are related to eating and fasting
cycles, respectively (a Table 19-5).

1Blood glucose concentration is sometimes given in terms of molarity,
with normal blood glucose concentration hovering around 5 mM (see
p. A-9).
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*  Excess circulating glucose is stored in the liver and muscle as
glycogen, a large molecule consisting of interconnected glucose
moldeanslatingut twice as much glycogen is stored in the skel-
etal muscles collectively as in the liver. Because glycogen is a
relatively small energy reservoir, less than a day’s energy needs
can be stored in this form. Once the liver and muscle glycogen
stores are “filled up,” additional glucose is transformed into fatty
acids and glycerol, which are used to synthesize triglycerides
(glycerol with three fatty acids attached), primarily in adipose
tissue (fat).

= Excess circulating fatty acids derived from dietary intake
also become incorporated into triglycerides.

*  Excess circulating amino acids not needed for protein syn-
thesis are not stored as extra protein but are converted to glu-
cose and fatty acids, which ultimately end up being stored as
triglycerides.

Thus, the major site of energy storage for excess nutrients of all
three classes is adipose tissue. Normally, enough triglyceride is

A TABLE 19-5 Comparison of Absorptive

and Postabsorptive States

Metabolic Postabsorptive
Fuel Absorptive State State
Carbohydrate Glucose providing Glycogen degra-
major energy source dation and
depletion
Glycogen synthesis Glucose sparing to
and storage conserve glucose
for the brain
Excess converted Production of new
and stored as glucose through
triglyceride fat gluconeogenesis
Fat Triglyceride synthe- Triglyceride
sis and storage catabolism

Fatty acids provid-
ing major energy
source for
non-glucose-

dependent tissues

Protein Protein synthesis Protein catabolism
Excess converted Amino acids
and stored as tri- used for
glyceride fat gluconeogenesis

ABSORPTIVE STATE After a meal, ingested nutrients are being
absorbed and are entering the blood during the absorptive, or
fed, state. During this time, glucose is plentiful and serves as
the major energy source. Very little of the absorbed fat and
amino acids are used for energy during the absorptive state,
because most cells use glucose when it is available. Extra nutri-
ents not immediately used for energy or structural repairs are
channeled into storage as glycogen or triglycerides.

POSTABSORPTIVE STATE The average meal is completely ab-
sorbed in about four hours. Therefore, on a typical three-meals-
a-day diet, no nutrients are being absorbed from the digestive
tract during late morning and late afternoon and throughout

the night. These times constitute the postabsorptive, or fast-
ing, state. During this state, endogenous energy stores are mo-
bilized to provide energy, whereas gluconeogenesis and glucose
sparing maintain the blood glucose at an adequate level to
nourish the brain. Synthesis of protein and fat is curtailed. In-
stead, stores of these organic molecules are catabolized for glu-
cose formation and energy production, respectively. Carbohy-
drate synthesis does occur through gluconeogenesis, but the
use of glucose for energy is greatly reduced.

Note that the blood concentration of nutrients does not
fluctuate markedly between the absorptive and postabsorptive
states. During the absorptive state, the glut of absorbed nutri-
ents is swiftly removed from the blood and placed into storage;
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during the postabsorptive state, these stores are catabolized to
maintain the blood concentrations at levels necessary to fill tis-
sue energy demands.

ROLES OF KEY TISSUES IN METABOLIC STATES During these al-
ternating metabolic states, various tissues play different roles as
summarized here.
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left over from the liver’s “meal” limits the necessity of mobiliz-
ing body proteins for glucose production to nourish the brain.
Both the major metabolic adaptations to prolonged starvation—
a decrease in protein catabolism and use of ketones by the
brain—are attributable to the high levels of ketones in the blood
at the time. The brain uses ketones only when blood ketone
level is high. The high blood levels of ketones also directly in-
hibit protein degradation in muscle. Thus, ketones spare body

®  The liver plays the primary role in maintaining normal blood proteins while satisfying the brain’s energy needs.
glucose levels. It stores glycogen when excess glucose is available,

releases glucose into the blood when needed, and is the principal

site for metabolic interconversions such as gluconeogenesis.

*  Adipose tissue serves as the primary energy storage site and

is important in regulating fatty acid levels in the blood.

*  Muscle is the primary site of amino acid storage and is the
major energy user.

*  The brain normally can use only glucose as an energy
source, yet it does not store glycogen, making it mandatory that
blood glucose levels be maintained.

Lesser energy sources are tapped as needed.

Several other organic intermediates play a lesser role as energy
sources—namely, glycerol, lactate, and ketone bodies.

The pancreatic hormones, insulin and glucagon,
are most important in regulating fuel
metabolism.

How does the body “know” when to shift its metabolic gears
from a system of net anabolism and nutrient storage to one of
net catabolism and glucose sparing? The flow of organic nutri-
ents along metabolic pathways is influenced by a variety of
hormones, including insulin, glucagon, epinephrine, cortisol,
and growth hormone. Under most circumstances, the pancre-
atic hormones, insulin and glucagon, are the dominant hor-
monal regulators that shift the metabolic pathways back and
forth from net anabolism to net catabolism and glucose spar-
ing, depending on whether the body is in a state of feasting or
fasting, respectively.

*  Asmentioned earlier, glycerol derived from triglyceride hy-

drolysis (it is the backbone to which the fatty acid chains are
attached) can be converted to glucose by the liver.

*  Similarly, lactate, which is produced by the incomplete ca-
tabolism of glucose via glycolysis in muscle (see p. 278), can
also be converted to glucose in the liver.

*  Ketone bodies (namely acetone, acetoacidic acid, and -
hydroxybutyric acid) are a group of compounds produced by
the liver during glucose sparing. Unlike other tissues, when the
liver uses fatty acids as an energy source, it oxidizes them only

to acetyl coenzyme A (acetyl CoA), which it is unable to process

through the citric acid cycle for further energy extraction. Thus,
the liver does not degrade fatty acids all the way to CO=and
H-0 for maximum energy release. Instead, it partially extracts
the available energy and converts the remaining energy-bearing
acetyl CoA molecules into ketone bodies, which it releases into
the blood. Ketone bodies serve as an alternative energy source
for tissues capable of oxidizing them further by means of the
citric acid cycle.

During long-term starvation, the brain starts using ketones
instead of glucose as a major energy source. Because death re-
sulting from starvation is usually the result of protein wasting
rather than hypoglycemia (low blood glucose), prolonged sur-
vival without any caloric intake requires that gluconeogenesis
be kept to a minimum as long as the energy needs of the brain
are not compromised. A sizable portion of cell protein can be
catabolized without serious cellular malfunction, but a point is
finally reached at which a cannibalized cell can no longer func-
tion adequately. To ward off the fatal point of failure as long as
possible during prolonged starvation, the brain starts using
ketones as a major energy source, correspondingly decreasing

ISLETS OF LANGERHANS The pancreas is an organ composed of
both exocrine and endocrine tissues. The exocrine portion se-
cretes a watery, alkaline solution and digestive enzymes through
the pancreatic duct into the digestive tract lumen. Scattered
throughout the pancreas between the exocrine cells are about a
million clusters, or “islands,” of endocrine cells known as the
islets of Langerhans (. Figure 19-15a). The islets make up
about 1% to 2% of the total pancreatic mass. The most abundant
pancreatic endocrine cells are the (beta) cells, which are the
site of insulin synthesis and secretion and constitute about 60%
of the total islet mass. The (alpha) cells produce the hormone
glucagon and make up 25% of the islet mass. Less common
(making up 10% of islet mass), the D (delta) cells are the pan-
creatic site of somatostatin synthesis. The least common islet
cells (1% of islet mass), the F cells, secrete pancreatic polypep-
tide, which plays a possible role in reducing appetite and food
intake, is poorly understood, and will not be discussed any fur-
ther. (The remaining 4% of islet mass consists of connective
tissue, blood vessels, and nerves.) The cells are concentrated
centrally in the islets, with the other cells clustered around the
periphery ( Figure 19-15b). We will briefly highlight soma-
tostatin now and then will pay the most attention to insulin and
glucagon, the most important hormones in the regulation of
fuel metabolism.

SOMATOSTATIN Acting as a hormone, pancreatic somatostatin
inhibits the digestive system in a variety of ways, the overall ef-
fect of which is to inhibit digestion of nutrients and to decrease
nutrient absorption. Somatostatin is released from the pancre-
atic D cells in direct response to an increase in blood glucose
and blood amino acids during absorption of a meal. By exerting

its use of glucose. Use by the brain of this fatty acid “table scrap” its inhibitory effects, pancreatic somatostatin acts in negative-
714 Chapter 19
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Exocrine portion of pancreas
(acinar and duct cells)

(a) Location and structure of pancreas

o FIGURE 19-15 Location and structure of the pancreas
and cell types in the islets of Langerhans.

feedback fashion to put the brakes on the rate at which the meal

is being digested and absorbed, thereby preventing excessive
plasma levels of nutrients. Pancreatic somatostatin also acts as
a paracrine in regulating pancreatic hormone secretion. The
local presence of somatostatin decreases the secretion of insu-
lin, glucagon, and somatostatin itself, but the physiologic im-
portance of such paracrine function has not been determined.

Somatostatin is also produced by cells lining the digestive
tract, where it acts locally as a paracrine to inhibit most diges-
tive processes (see p. 609). Furthermore, somatostatin (alias
GHIH) is produced by the hypothalamus, where it inhibits the
secretion of growth hormone and TSH (see p. 681).

‘We next consider insulin and then glucagon, followed by a
discussion of how insulin and glucagon function as an endo-
crine unit to shift metabolic gears between the absorptive and
postabsorptive states.

Insulin lowers blood glucose, fatty acid, and
amino acid levels and promotes their storage.

Insulin has important effects on carbohydrate, fat, and protein
metabolism. It lowers the blood levels of glucose, fatty acids,
and amino acids and promotes their storage. As these nutrient
molecules enter the blood during the absorptive state, insulin
promotes their cellular uptake and conversion into glycogen,
triglycerides, and protein, respectively. Insulin exerts its many

Factors that increase blood glucose

Glucose absorption from digestive tract

Hepatic glucose production:
—Through glycogenolysis
of stored glycogen
—Through gluconeogenesis

KEY

Blood
glucose

= Factors subject to hormonal control to maintain blood glucose level

« FIGURE 19-16 Factors affecting blood glucose concentration.

2. Insulin stimulates glycogenesis, the production of glycogen
from glucose, in both skeletal muscle and the liver.

3. Insulin inhibits glycogenolysis, the breakdown of glycogen
into glucose. By inhibiting the breakdown of glycogen into glu-
cose, insulin likewise favors carbohydrate storage and decreases
glucose output by the liver.

4. Insulin further decreases hepatic glucose output by inhibit-
ing gluconeogenesis, the conversion of amino acids into glucose
in the liver. Insulin does so by decreasing the amount of amino
acids in the blood available to the liver for gluconeogenesis and
by inhibiting the hepatic enzymes required for converting
amino acids into glucose.

Thus, insulin decreases the concentration of blood glucose by
promoting the cells’ uptake of glucose from the blood for use

https://translate.googleusercontent.com/translate_f
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(b) Cell types in islet of Langerhans

effects either by altering transport of specific blood-borne nu-
trients into cells or by altering the activity of the enzymes in-
volved in specific metabolic pathways. To accomplish its effects,
in some instances insulin increases the activity of an enzyme,
for example glycogen synthase, the key regulated enzyme that
synthesizes glycogen from glucose molecules, a process known
as glycogenesis. In other cases, however, insulin decreases the
activity of an enzyme, for example by inhibiting hormone-
sensitive lipase, the enzyme that catalyzes the breakdown of
stored triglycerides back to free fatty acids and glycerol.

ACTIONS ON CARBOHYDRATES The maintenance of blood glu-
cose homeostasis is a particularly important function of the
pancreas. Circulating glucose concentrations are determined by
the balance among the following processes (s Figure 19-16):
glucose absorption from the digestive tract, transport of glucose
into cells, hepatic glucose production, and (abnormally) uri-
nary excretion of glucose. Among these factors, only glucose
transport into cells and hepatic glucose production are subject
to control.

Insulin exerts four effects that lower blood glucose levels
and promote carbohydrate storage:

1. Insulin facilitates glucose transport into most cells. (The
mechanism of this increased glucose uptake is explained after
insulin’s other blood glucoselowering effects are listed.)

The Peripheral Endocrine Glands

Factors that decrease blood glucose

Transport of glucose into cells:
—For utilization for energy production
For storage
as glycogen through glycogenesis
as triglycerides

Urinary excretion of glucose (occurs only
abnormally, when blood glucose level
becomes so high it exceeds the reabsorptive
capacity of kidney tubules during urine
formation)

Each member of the GLUT family performs slightly differ-
ent functions. For example, GLUT-1 transports glucose across
the bloodbrain barrier, GLUT-2 transfers into the adjacent
bloodstream the glucose that has entered the kidney and intes-
tinal cells by means of the sodium and glucose cotransporter
(SGLT; see p. 73), and GLUT-3 is the main transporter of glu-
cose into neurons. The glucose transporter responsible for the
majority of glucose uptake by most cells of the body is GLUT-4,
which operates only at the bidding of insulin. Glucose mole-
cules cannot readily penetrate most cell membranes in the ab-
sence of insulin, making most tissues highly dependent on in-
sulin for uptake of glucose from the blood and for its subsequent
use. GLUT-4 is especially abundant in the tissues that account
for the bulk of glucose uptake from the blood during the ab-
sorptive state, namely, skeletal muscle and adipose tissue cells.
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genolysis and gluconeogenesis). Insulin is the only hormone
capable of lowering the blood glucose level. Insulin promotes
the uptake of glucose by most cells through glucose transporter
recruitment, a topic to which we now turn attention.

Glucose transport between the blood and cells is accom-
plished by means of a plasma membrane carrier known as a
glucose transporter (GLUT). Fourteen forms of glucose trans-
porters have been identified, named in the order they were
discovered—GLUT-1, GLUT-2, and so on. These glucose trans-
porters all accomplish passive facilitated diffusion of glucose
across the plasma membrane (see p. 69). Once GLUT trans-
ports glucose into a cell, an enzyme within the cell immediately
phosphorylates glucose to glucose-6-phosphate, which has no
means out of the cell, unlike “plain” glucose, which could exit
through the bidirectional glucose transporter. Therefore, glu-
cose is trapped inside the cell. Furthermore, the phosphoryla-
tion of glucose as it enters the cell keeps the intracellular con-
centration of plain glucose low so that a gradient favoring the
facilitated diffusion of glucose into the cell is maintained.

716 Chapter 19

times by means of GLUT-1 and GLUT-3 molecules. Skeletal
muscle cells do not depend on insulin for their glucose uptake
during exercise, even though they are dependent at rest. Muscle
contraction triggers the insertion of GLUT-4 into the plasma
membranes of exercising muscle cells in the absence of insulin.
This fact is important in managing diabetes mellitus (insulin
deficiency), as described later. The liver also does not depend on
insulin for glucose uptake, because it does not use GLUT-4.
However, insulin does enhance the metabolism of glucose by the
liver by stimulating the first step in glucose metabolism, the
phosphorylation of glucose to form glucose-6-phosphate.

Insulin also exerts important actions on fat and protein.

ACTIONS ON FAT Insulin exerts multiple effects to lower blood
fatty acids and promote triglyceride storage:

1. It enhances the entry of fatty acids from the blood into adi-
pose tissue cells.

2. It increases the transport of glucose into adipose tissue cells
by means of GLUT-4 recruitment. Glucose serves as a precursor
for the formation of fatty acids and glycerol, which are the raw
materials for triglyceride synthesis.

3. It promotes chemical reactions that ultimately use fatty ac-
ids and glucose derivatives for triglyceride synthesis.

4. It inhibits lipolysis (fat breakdown), reducing the release of
fatty acids from adipose tissue into the blood.

Collectively, these actions favor removal of fatty acids and glu-
cose from the blood and promote their storage as triglycerides.

ACTIONS ON PROTEIN Insulin lowers blood amino acid levels
and enhances protein synthesis through several effects:

1. It promotes the active transport of amino acids from the
blood into muscles and other tissues. This effect decreases the
circulating amino acid level and provides the building blocks
for protein synthesis within the cells.

2. It increases the rate of amino acid incorporation into pro-
tein by stimulating the cells’ protein-synthesizing machinery.

3. It inhibits protein degradation.

The collective result of these actions is a protein anabolic effect.
For this reason, insulin is essential for normal growth.

SUMMARY OF INSULIN’S ACTIONS In short, insulin primarily
exerts its effects by acting on nonworking skeletal muscle, the
liver, and adipose tissue. It stimulates biosynthetic pathways
that lead to increased glucose use, increased carbohydrate and
fat storage, and increased protein synthesis. In so doing, this
hormone lowers the blood glucose, fatty acid, and amino acid
levels. This metabolic pattern is characteristic of the absorptive
state. Indeed, insulin secretion rises during this state and shifts
metabolic pathways to net anabolism.

When insulin secretion is low, the opposite effects occur.
The rate of glucose entry into cells is reduced, and net catabo-
lism occurs rather than net synthesis of glycogen, triglycerides,
and protein. This pattern is reminiscent of the postabsorptive
state; indeed, insulin secretion is reduced during the postab-
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which are always present in the plasma membranes at the sites
where they perform their functions, GLUT-4 in the absence of
insumri&fgiﬁ,‘gq?d from the plasma membrane. Insulin pro-
motes glucose uptake by transporter recruitment. Insulin-
dependent cells maintain a pool of intracellular vesicles con-
taining GLUT-4. When insulin binds with its receptor (a
receptor that acts as a tyrosine kinase enzyme; see p. 115) on the
surface membrane of the target cell, the subsequent signaling
pathway induces these vesicles to move to the plasma mem-
brane and fuse with it, thus inserting GLUT-4 molecules into
the plasma membrane. In this way, increased insulin secretion
promotes a rapid 10- to 30-fold increase in glucose uptake by
insulin-dependent cells. When insulin secretion decreases,
these glucose transporters are retrieved from the membrane by
endocytosis and returned to the intracellular pool.

Several tissues do not depend on insulin for their glucose
uptake—namely, the brain, working muscles, and liver. The
brain, which requires a constant supply of glucose for its minute-
to-minute energy needs, is freely permeable to glucose at all

sorptive state. However, the other major pancreatic hormone,
glucagon, also plays an important role in shifting from absorp-
tive to postabsorptive metabolic patterns, as described later.

The primary stimulus for increased
insulin secretion is an increase in blood
glucose concentration.

The primary control of insulin secretion is a direct negative-
feedback system between the pancreatic cells and the concen-
tration of glucose in the blood flowing to them. An elevated
blood glucose level, such as during absorption of a meal, di-
rectly stimulates the cells to synthesize and release insulin.
The increased insulin, in turn, reduces blood glucose to normal
and promotes use and storage of this nutrient. Conversely, a fall
in blood glucose below normal, such as during fasting, directly
inhibits insulin secretion. Lowering the rate of insulin secretion
shifts metabolism from the absorptive to the postabsorptive
pattern. Thus, this simple negative-feedback system can main-
tain a relatively constant supply of glucose to the tissues without
requiring the participation of nerves or other hormones.

Glucose stimulates insulin secretion by means of an
excitation-secretion coupling process. That is, glucose initiates
a chain of events that changes the cell’s membrane potential,
leading to secretion of insulin. This is one of the few known
examples where cells other than nerve or muscle cells undergo
functionally related changes in membrane potential. Specifi-
cally, glucose enters the cell by means of GLUT-2 (. Figure
19-17, step 1). Once inside, glucose is immediately phosphory-
lated to glucose-6-phosphate (step 2 ), which is oxidized by the

cell to yield ATP (step 3 ). A cell has two types of channels:

an ATP-sensitive K channel, which is a leak channel that re-
mains open unless ATP binds to it, and a voltage-gated Ca:
channel, which is closed at resting potential. The ATP-sensitive
K channel closes when ATP generated from glucose-6-
phosphate binds to it (step 4 ). The resultant decrease in K
permeability leads to depolarization of the cell (because of
less outward movement of positively charged K ') (step ).
This depolarization causes the voltage-gated Caz channels to
open (step 6 ). The subsequent Cazentry (step 7) triggers
exocytosis of secretory vesicles containing insulin (step ¢ ), re-
sulting in insulin secretion (step 9 ).

In addition to blood glucose concentration, which is the
major controlling factor, other inputs are involved in regulating
insulin secretion, as follows (« Figure 19-18):

*  Anelevated blood amino acid level, such as after a high-
protein meal, directly stimulates the cells to increase insulin
secretion. In negative-feedback fashion, the increased insulin
enhances the entry of these amino acids into the cells, lowering
the blood amino acid level while promoting protein synthesis.
Amino acids increase insulin secretion in the same way as glu-
cose does, by generating ATP that leads to excitation-secretion
coupling.

*  Gastrointestinal hormones secreted by the digestive tract in
response to the presence of food, especially glucose-dependent
insulinotropic peptide (GIP) (see p. 637) and a similar candidate
hormone glucagon-like peptide (GLP), stimulate pancreatic in-
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K+ channel
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(oxidation)

Votage- K-+ in cell because Glucose-6-

gated Cazx+ less leaves phosphate

channel (depolarization)

Glucose

Insulin vesicle

Glucose enters B cell by facilitated diffusion via GLUT-2.
Glucose is phosphorylated to glucose-6-phosphate.
Oxidation of glucose-6-phosphate generates ATP.

ATP acts on ATP-sensitive K+ channel, closing it.
Reduced exit of K+ depolarizes membrane.
Depolarization opens voltage-gated Ca2+ channels.

Cax+ enters  cell.

Cax+triggers exocytosis of insulin vesicles.

Insulin is secreted.

o FIGURE 19-17 Stimulation of insulin secretion by glucose via

excitation-secretion coupling.

sulin secretion in addition to having direct regulatory effects on
the digestive system. Through this control, insulin secretion is
increased in “feedforward,” or anticipatory, fashion even before
nutrient absorption increases the blood concentration of glu-
cose and amino acids. Hormones released from the digestive
tract that “notify” the pancreatic cell of the impending rise in
blood nutrients (primarily blood glucose) are termed incretins.
Incretins increase insulin secretion by increasing cAMP, which
enhances Cax-induced release of insulin.

*  The autonomic nervous system also directly influences in-
sulin secretion. The islets are richly innervated by both para-
sympathetic (vagal) and sympathetic nerve fibers. The increase
in parasympathetic activity that occurs in response to food in
the digestive tract stimulates insulin release, with the parasym-
pathetic neurotransmitter acetylcholine acting through the IPs/
Cazpathway. This, too, is a feedforward response in anticipa-
tion of nutrient absorption. In contrast, sympathetic stimula-
tion and the concurrent increase in epinephrine both inhibit
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insulin secretion by decreasing cAMP. The fall in in-
sulin level allows the blood glucose level to rise, an
appropriate response to the circumstances under
which generalized sympathetic activation occurs—
namely, stress (fight or flight) and exercise. In both
these situations, extra fuel is needed for increased
muscle activity.

The symptoms of diabetes mellitus
are characteristic of an exaggerated
postabsorptive state.

Diabetes mellitus is by far the most common

of all endocrine disorders. The acute symp-

toms of diabetes mellitus are attributable to
inadequate insulin action. Because insulin is the only
hormone capable of lowering blood glucose levels,
one of the most prominent features of diabetes mel-
litus is elevated blood glucose levels, or hyperglyce-
mia. Diabetes literally means “siphon” or “running
through,” a reference to the large urine volume ac-
companying this condition. A large urine volume
occurs in both diabetes mellitus (a result of insulin
insufficiency) and diabetes insipidus (a result of vaso-
pressin deficiency). Mellitus means “sweet”; insipidus
means “tasteless.” The urine of patients with diabetes
mellitus acquires its sweetness from excess blood
glucose that spills into the urine, whereas the urine of
patients with diabetes insipidus contains no sugar, so
it is tasteless. (Aren’t you glad you were not a health
professional at the time when these two conditions
were distinguished on the basis of the taste of the
urine?)

Diabetes mellitus has two major variants, differ-
ing in the capacity for pancreatic insulin secretion:
Type 1 diabetes, characterized by a lack of insulin se-
cretion, and Type 2 diabetes, characterized by normal
or even increased insulin secretion but reduced sen-
sitivity of insulin’s target cells to its presence. (For a
further discussion of the distinguishing features of

these two types of diabetes mellitus, see the boxed feature on
pp. 720-721, m Concepts, Challenges, and Controversies.)

The acute consequences of diabetes mellitus can be grouped
according to the effects of inadequate insulin action on carbo-
hydrate, fat, and protein metabolism (e Figure 19-19, p. 722).
The figure may look overwhelming, but the numbers, which
correspond to the numbers in the following discussion, help
you work your way through this complex disease step by step.

CONSEQUENCES RELATED TO EFFECTS ON CARBOHYDRATE ME-
TABOLISM Because the postabsorptive metabolic pattern is in-
duced by low insulin activity, the changes that occur in diabetes
mellitus are an exaggeration of this state, with the exception of
hyperglycemia. In the usual fasting state, the blood glucose level
is slightly below normal. Hyperglycemia, the hallmark of diabetes
mellitus, arises from reduced glucose uptake by cells, coupled
with increased output of glucose from the liver (step 1 in « Fig-
ure 19-19). As the glucose-yielding processes of glycogenolysis

CONSEQUENCES RELATED TO EFFECTS ON

FAT METABOLISM Triglyceride synthesis
Blood amino acid decreases while lipolysis increases, result-
concentration ing in large-scale mobilization of fatty
acids from triglyceride stores (step 12).
The increased blood fatty acids are largely
used by the cells as an alternative energy
source. Increased liver use of fatty acids
results in the release of excessive ketone

bodies into the blood, causing ketosis (step
Sympathetic stimulation

(and epinephrine) ). Ketone bodies include several differ-

ent acids, such as acetoacetic acid, that
result from incomplete breakdown of fat
during hepatic energy production. There-
fore, this developing ketosis leads to pro-
gressive metabolic acidosis (step 14). Aci-
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« FIGURE 19-18 Factors controlling insulin secretion.

and gluconeogenesis proceed unchecked in the absence of insu-
lin, hepatic output of glucose increases. Because many of the
body’s cells cannot use glucose without the help of insulin, an
ironic extracellular glucose excess occurs coincident with an in-

tracellular glucose deficiency—*starvation in the midst of plenty.”

Even though the non-insulin-dependent brain is adequately
nourished during diabetes mellitus, further consequences of the
disease lead to brain dysfunction, as you will see shortly.

‘When the blood glucose rises to the level where the amount
of glucose filtered exceeds the tubular cells’ capacity for reab-
sorption, glucose appears in the urine (glucosuria) (step 2 ).
Glucose in the urine exerts an osmotic effect that draws H.O
with it, producing an osmotic diuresis characterized by polyuria
(frequent urination) (step 3 ). The excess fluid lost from the
body leads to dehydration (step « ), which in turn can ulti-
mately lead to peripheral circulatory failure because of the
marked reduction in blood volume (step 5 ). Circulatory fail-
ure, if uncorrected, can lead to death because of low cerebral
blood flow (step ¢ ) or secondary renal failure resulting from
inadequate filtration pressure (step 7). Furthermore, cells lose
water as the body becomes dehydrated by an osmotic shift of
water from the cells into the hypertonic extracellular fluid (step

). Brain cells are especially sensitive to shrinking, so nervous
system malfunction ensues (step ¢ ) (see p. 564). Another char-
acteristic symptom of diabetes mellitus is polydipsia (excessive
thirst) (step 10), which is actually a compensatory mechanism
to counteract the dehydration.

The story is not complete. In intracellular glucose defi-
ciency, appetite is stimulated, leading to polyphagia (excessive
food intake) (step 11). Despite increased food intake, however,
progressive weight loss occurs from the effects of insulin defi-
ciency on fat and protein metabolism.

Translating...

dosis depresses the brain and, if severe
enough, can lead to diabetic coma and

death (step 15).

A compensatory measure for metabolic

extra, acid-forming CO: (step 16). Exhala-
tion of one of the ketone bodies, acetone,

acidosis is increased ventilation to blow off

causes a “fruity” breath odor that smells like

a combination of Juicy Fruit gum and nail

polish remover. Sometimes, because of this

odor, passersby unfortunately mistake a patient collapsed in a dia-

betic coma for a “wino” passed out in a state of drunkenness. (This

situation illustrates the merits of medical alert identification tags.)
People with Type 1 diabetes are much more prone to develop ke-
tosis than are Type 2 diabetics.

CONSEQUENCES RELATED TO EFFECTS ON PROTEIN METABO-
LisM The effects of a lack of insulin on protein metabolism re-
sult in a net shift toward protein catabolism. The net breakdown
of muscle proteins leads to wasting and weakness of skeletal
muscles (step 17) and, in child diabetics, a reduction in overall
growth. Reduced amino acid uptake coupled with increased
protein degradation results in excess amino acids in the blood
(step 18). The increased circulating amino acids can be used for
additional gluconeogenesis, which further aggravates the hy-
perglycemia (step 19).

As you can readily appreciate from this overview, diabetes
mellitus is a complicated disease that can disturb both carbohy-
drate, fat, and protein metabolism and fluid and acidbase
balance. It can also have repercussions on the circulatory sys-
tem, kidneys, respiratory system, and nervous system.

LONG-TERM COMPLICATIONS In addition to these potential
acute consequences of untreated diabetes, which can be ex-
plained on the basis of insulin’s short-term metabolic effects,
numerous long-range complications of this disease frequently
occur after 15 to 20 years despite treatment to prevent the
short-term effects. These chronic complications, which account
for the shorter life expectancy of diabetics, primarily involve
degenerative disorders of the blood vessels and nervous system.
Cardiovascular lesions are the most common cause of prema-
ture death in diabetics. Heart disease and strokes occur with

The Peripheral Endocrine Glands

CONCEPTS, CHALLENGES, AND CONTROVERSIES

Diabetics and Insulin: Some Have It and Some Don’t

There are two distinct types of diabetes mel-
litus (see the accompanying table). Type 1

(insuli or juvenile-onset)

diabetes mellitus, which accounts for

about 10% of all cases of diabetes, is charac-
terized by a lack of insulin secretion. Because
their pancreatic cells secrete no or nearly

no insulin, Type 1 diabetics require exoge-
nous insulin for survival. In Type 2 (non-
insulin-dependent, or maturity-onset)
diabetes mellitus, insulin secretion may

be normal or even increased, but insulin’s
target cells are less sensitive than normal to
this hormone. Ninety percent of diabetics
have the Type 2 form. Although either type
can first be manifested at any age, Type 1 is
more prevalent in children, whereas Type 2
more generally arises in adulthood, hence
the age-related designations.

Diabetes of both types currently affects
more than 20 million people in the United
States, costing this country an estimated
$132 billion annually in health-care ex-
penses. The disease accounts for 10% of
the health-care dollars spent in the United
States. The U.S. diabetes-related death rate
has increased by 30% since 1980, largely
because the incidence of the discase has
been rising. Because diabetes is so preva-
lent and exacts such a huge economic toll,
coupled with the fact that it forces a
change in the lifestyle of affected individu-
als and places them at increased risk for de-
veloping a variety of troublesome and even
life-threatening conditions, intensive re-

search is directed toward better under-

sensitivity of insulin’s target cells to its pres-
ence. Various genetic and lifestyle factors
appear important in the development of
Type 2 diabetes. Obesity is the biggest risk
factor; 90% of Type 2 diabetics are obese.

Many Type 2 diabetics have metabolic
syndrome, or syndrome X, as a forerunner of
diabetes. Metabolic syndrome encom-
passes a cluster of features that predispose
the person to developing Type 2 diabetes
and atherosclerosis (see p. 333). These fea-
tures include obesity, large waist circumfer-
ence (that is, “apple” shapes; see p. 649),
high trigylceride levels, low HDL (the
“good” cholesterol; see p. 336), high blood
glucose, and high blood pressure. An esti-
mated 20% of the U.S. population has
metabolic syndrome, with this number
climbing to 45% for those over age 50.

The ultimate cause of Type 2 diabetes
remains elusive despite intense investigation,
but researchers have identified a number of
possible links between obesity and reduced
insulin sensitivity. Recent studies indicate that
the responsiveness of skeletal muscle and
liver to insulin can be modulated by circulat-
ing adipokines (hormones secreted by adi-
pose cells). The implicated adipokines are
distinct from leptin, the adipose hormone
that plays a role in controlling food intake
(see p. 646). For example, adipose tissue se-
cretes the hormone resistin, which pro-
motes insulin resistance by interfering with
insulin action. Resistin production increases
in obesity. By contrast,the adipokine adipo-

nectin increases insulin sensitivity by en-
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betes are usually slower in onset and less

severe than in Type 1 diabetes.

Treatment of Diabetes
The treatment for Type 1 diabetes is a con-
trolled balance of regular insulin injections
timed around meals, management of the
amounts and types of food consumed, and
exercise. Insulin is injected because if it
were swallowed, this peptide hormone
would be digested by proteolytic enzymes
in the stomach and small intestine. Inhaled
insulin was available for a while but was
withdrawn from the market because of fi-
nancial considerations. Pharmaceutical
companies are also in late-stage clinical tri-
als with an oral insulin spray product that
can be absorbed in the mouth. Exercise is
also useful in managing both types of dia-
betes, because working muscles are not in-
sulin dependent. Exercising muscles take
up some of the excess glucose in the
blood, reducing the overall need for insulin.
Whereas Type 1 diabetics are perma-
nently insulin dependent, dictary control
and weight reduction may be all that is
necessary to completely reverse the symp-
toms in Type 2 diabetics. Six classes of oral
medications are currently available for use if
needed for treating Type 2 diabetes in con-
junction with a dietary and exercise regime.
These pills help the patient’s body use its
own insulin more effectively, each by a dif-

ferent mechanism, as follows:

719
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standing and controlling or preventing

both types of the disease.

Underlying Defect in Type 1 Diabetes
Type 1 diabetes is an autoimmune process
involving the erroneous, selective destruc-
tion of the pancreatic cells by inappropri-
ately activated T lymphocytes (see p. 437).
The precise cause of this self-attack is un-
clear. Some have a genetic susceptibility to
acquiring Type 1 diabetes. Environmental
triggers also appear to play a role, but in-
vestigators have not been able to defini-

tively pin down any culprits.

Underlying Defect in Type 2 Diabetes
Type 2 diabetics do secrete insulin, but the
affected individuals exhibit insulin resis-
tance. That is, the basic problem in Type 2

diabetes is not lack of insulin but reduced

720 Chapter 19
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hancing insulin’s effects, but its production is
decreased in obesity. Furthermore, free fatty
acids released from adipose tissue can abnor-

mally accumulate in muscle and interfere

with insulin action in muscle by decreasTr@nslating...

insulin’s ability to promote GLUT-4 mediated
uptake of glucose in skeletal muscle. Also,
evidence suggests that excessive fatty acids
can indirectly trigger apoptosis of cells.

Early in the development of the disease,
the resulting decrease in sensitivity to insu-
lin is overcome by secretion of additional
insulin. However, the sustained overtaxing
of the genetically weak cells eventually
exceeds their reserve secretory capacity.
Even though insulin secretion may be nor-
mal or even elevated, symptoms of insulin
insufficiency develop because the amount
of insulin is still inadequate to prevent hy-

perglycemia. The symptoms in Type 2 dia-

Comparison of Type 1 and Type 2 Diabetes Mellitus

Characteristic

Level of Insulin Secretion

Typical Age of Onset

Percentage of Diabetics

Basic Defect

Treatment

crine pancreas to reduce the anticipated rise
in blood glucose. The first drug on the mar-
ket of this type, Byetta, mimics the gut-
released hormone glucagon-like peptide 1
(GLP-1; see p. 717). GLP-1 is rel

ased from

the small intestine L cells in response to food

intake and has multiple glucose-lowering ef-
fects. GLP-1 itself is too short-lived to be
suitable as a drug. Byetta, which is a version
of a peptide found in the venom of a poi-
sonous Gila monster, must be injected. Like
GLP-1, this drug stimulates insulin secretion
when blood glucose is high but not when
glucose is in the normal range. It also sup-
presses production of glucose-raising gluca-
gon and slows gastric emptying. By promot-
ing saticty, Byetta decreases food intake and
in the long term causes weight loss (see p.
644). Evidence suggests that Byetta even
stimulates regeneration of pancreatic cells.

6. By increasing endogenous GLP-1

levels (dipeptidyl peptidase-4 or DPP-4 inhibi-

tors, for example, Januvia). The newest ap-

proved class of drugs, the DPP-4 inhibitors

increase endogenous GLP-1 levels by block-

ing DPP-4, an enzyme that breaks down
GLP-1, thus prolonging action of this incre-
tin. Prolonged activity of GLP-1 boosts in-
sulin secretion until glucose levels return to
normal. Januvia also suppresses the release

of glucose by the liver and slows digestion.

Because none of these drugs deliver

new insulin to the body, they cannot re-

Type 1 Diabetes Type 2 Diabetes

None or almost none May be normal or exceed

normal
Childhood Adulthood
10%-20% 80%-90%

Destruction of cells Reduced sensitivity of

insulin’s target cells

Insulin injections; Dietary control and
dietary management; weight reduction; exer-
exercise cise; sometimes oral

hypoglycemic drugs

place insulin therapy for people with

Type 1 diabetes. Furthermore, sometimes
the weakened cells of Type 2 diabetics
eventually burn out and can no longer pro-
duce insulin. In such a case, the previously
non-insulin-dependent patient must be

placed on insulin therapy for life.

New Approaches to Managing Diabetes
Several newer approaches are currently
available for insulin-dependent diabetics

that preclude the need for the one or two

insulin injections daily.

= Implanted insulin pumps can deliver a
prescribed amount of insulin on a regu-
lar basis, but the recipient must time
meals with care to match the automatic
insulin delivery.

= Pancreas transplants are also being per-
formed more widely now, with increasing
success rates. On the downside, recipi-
ents of pancreas transplants must take
immunosuppressive drugs for life to pre-
vent rejection of their donated organs.

Also, donor organs are in short supply.

Current research on several fronts may
dramatically change the approach to dia-
betic therapy in the near future. The fol-

lowing new treatments are on the horizon:

= Some methods under development cir-
cumvent the need for insulin injections by

using alternative routes of administration
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1. By stij ulagng&he cels to secrete
more nsulin than they do on their own

(sulfonylureas; for example, Glucotrol)

2. By suppressing liver output of glu-

cose (metformin; for example, Gl

3. By blocking enzymes that digest
complex carbohydrates, thus slowing glu-
cose absorption into the blood from the
digestive tract and blunting the surge of
glucose immediately after a meal (alpha-
glycosidase inhibitors; for example, Precose)

4. By making muscle and fat cells
more receptive to insulin (thiazolidinedio-
nes; for example, Avandia)

5. By mimicking naturally occurring
incretins (incretin mimetics, for example,
Byetta). Incretin mimetics are a recently ap-
proved class of drugs for treating Type 2
diabetics. Incretins are hormones released
by the digestive tract in response to food

that act in feedforward fashion on the endo-

that bypass the destructive digestive tract
enzymes, such as by using ultrasound to
force insulin into the skin from an insulin-
impregnated patch. Some researchers are
seeking methods to protect swallowed
insulin from destruction by the digestive
tract, for example, by attaching oral insu-
lin to vitamin Bi2, which protects the
insulin from digestive enzymes until the
vitamin-insulin complex is absorbed by
intrinsic factor-induced endocytosis in the
terminal ileum (see p. 608).

= Others have identified a potential oral
substitute for insulin—namely, a nonpep-
tide chemical that binds with the insulin
receptors and brings about the same in-
tracellular responses as insulin does. Be-
cause this insulin mimetic is not a protein,
it would not be destroyed by the proteo-
Iytic digestive enzymes if taken as a pill.

= Another hope is pancreatic islet trans-
plants. Scientists have developed several
types of devices that isolate donor islet
cells from the recipient’s immune sys-
tem. Such immunoisolation of islet cells
permits use of grafts from other animals,
circumventing the shortage of human
donor cells. Pig islet cells are an espe-
cially good source, because pig insulin is
nearly identical to human insulin.

= Some researchers have coaxed stem
cells to develop into insulin-secreting
cells that hopefully can be implanted.

= In a related approach, others are turning
to genetic engineering in the hope of
developing surrogates for pancreatic
cells. An example is the potential repro-
gramming of the small-intestine endo-
crine cells that produce GIP. The goal is
to cause these non- cells to cosecrete
both insulin and GIP on feeding.

= Another approach under development is
an implanted, glucose-detecting,
insulin-releasing “artificial pancreas™ that
would continuously monitor the pa-
tient’s blood glucose level and deliver
insulin in response to need.

= On another front, scientists are hopeful
of one day developing immunotherapies
that specifically block the attack of the
immune system against the cells, thus
curbing or preventing Type 1 diabetes.

= Nearly 400 new drugs for diabetes,
mostly for the Type 2 form of the dis-

ease, are under development.
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Insulin deficiency

Hepatic Glucose Triglyceride
glucose uptake synthesis
output by cells
Hyperglycemia Intracellular Blood
glucose fatty
deficiency acids
Glucosuria
Alternati
Osmotic diuresis Polyphagia emative
energy source
Polyuria
Dehydration Polydipsia Ketosis
Cellular
shrinking
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Metabolic
Blood volume Nervous system acidosis
malfunction

P.enplheral Low cerebral Diabetic

crreulatory blood flow coma

failure

Death

Renal failure

« FIGURE 19-19 Acute effects of diabetes mellitus. The acute consequences of diabetes

mellitus can be grouped according to the effects of inadequate insulin action on carbohydrate,

fat, and protein metabolism. These effects ultimately cause death through a variety of pathways.
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See pp. 718-719 for an explanation of the numbers.

greater incidence than in nondiabetics. Because vascular lesions
often develop in the kidneys and retinas of the eyes, diabetes is
the leading cause of both kidney failure and blindness in the
United States. Impaired delivery of blood to the extremities may
cause these tissues to become gangrenous, and toes or even
whole limbs may have to be amputated. In addition to circula-
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development of these long-range vascular and neural degenera-
tive complications. Thus, the best management for diabetes
mellitus is to continuously keep blood glucose levels within
normal limits to diminish the incidence of these chronic abnor-
malities. However, the blood glucose levels of diabetic patients
on traditional therapy typically fluctuate over a broader range
than normal, exposing their tissues to a moderately elevated
blood glucose level during a portion of each day. Fortunately,
recent advances in understanding and learning how to manipu-
late underlying molecular defects in diabetes offer hope that
more effective therapies will be developed within this decade to
better manage or even cure existing cases and perhaps to pre-
vent new cases of this devastating disease. (See the boxed fea-
ture on diabetes on pp. 720721 for current and potential future
treatment strategies for this disorder.)

https://translate.googleusercontent.com/translate_f

tory problems, degenerative lesions in nerves lead to multiple
neuropathies that result in dysfunction of the brain, spinal cord,
and peripheral nerves. The latter is most often characterized by
pain, numbness, and tingling, especially in the extremities.
Regular exposure of tissues to excess blood glucose over a
prolonged time leads to tissue alterations responsible for the

dose, the diabetic person should eat or drink something sugary.
Prompt treatment of severe hypoglycemia is imperative to pre-
vent brain damage. Note that a diabetic can lose consciousness
and die from either diabetic ketoacidotic coma caused by pro-
longed insulin deficiency or acute hypoglycemia caused by in-
sulin shock. Fortunately, the other accompanying signs and
symptoms differ sufficiently between the conditions to enable
medical caretakers to administer appropriate therapy, either
insulin or glucose. For example, ketoacidotic coma is accompa-
nied by deep, labored breathing (in compensation for the meta-
bolic acidosis) and fruity breath (from exhaled ketone bodies),
whereas insulin shock is not.

Ironically, even though reactive hypoglycemia is character-
ized by a low blood glucose level, people with this disorder are
treated by limiting their intake of sugar and other glucose-
yielding carbohydrates to prevent their cells from overrespond-
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Insulin excess causes brain-starving

Let us now look at the opposite of diabetes mellitus,

insulin excess, which is characterized by hypoglycemia

(low blood glucose) and can arise in two different ways.
First, insulin excess can occur in a diabetic patient when too
much insulin has been injected for the person’s caloric intake
and exercise level, resulting in so-called insulin shock. Second,
blood insulin level may rise abnormally high in a nondiabetic
individual who has a -cell tumor or whose cells are over-
responsive to glucose, a condition called reactive hypoglyce-
mia. Such cells “overshoot” and secrete more insulin than
necessary, in response to elevated blood glucose after a high-
carbohydrate meal. The excess insulin drives too much glucose
into the cells, resulting in hypoglycemia.

The consequences of insulin excess are primarily manifesta-
tions of the effects of hypoglycemia on the brain. Recall that the
brain relies on a continuous supply of blood glucose for its nour-
ishment and that glucose uptake by the brain does not depend
on insulin. With insulin excess, more glucose than necessary is
driven into the other insulin-dependent cells. The result is a
lowering of the blood glucose level so that not enough glucose is
left in the blood to be delivered to the brain. In hypoglycemia,
the brain literally starves. The symptoms, therefore, are primar-
ily referable to depressed brain function, which, if severe enough,
may rapidly progress to unconsciousness and death. People with
overresponsive cells usually do not become sufficiently hypo-
glycemic to manifest these more serious consequences, but they
do show milder symptoms of depressed CNS activity.

The true incidence of reactive hypoglycemia is a subject of
intense controversy because laboratory measurements to con-
firm the presence of low blood glucose during the time of
symptoms have not been performed in most people who have
been diagnosed as having the condition. In mild cases, the
symptoms of hypoglycemia, such as tremor, fatigue, sleepiness,
and inability to concentrate, are nonspecific. Because these
symptoms could also be attributable to emotional problems or
other factors, a definitive diagnosis based on symptoms alone is
impossible to make.

The treatment of hypoglycemia depends on the cause. At
the first indication of a hypoglycemic attack with insulin over-
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ACTIONS ON PROTEIN Glucagon inhibits
hepatic protein synthesis and promotes
degradation of hepatic protein. Stimula-
tion of gluconeogenesis further contrib-
utes to glucagon’s catabolic effect on he-
patic protein metabolism. Glucagon
promotes protein catabolism in the liver,
but it does not have any significant effect

o
on blood amino acid levels because it does et
not affect muscle protein, the major pro-
tein store in the body.
Glucagon

Glucagon secretion is increased
during the postabsorptive state.

Considering the catabolic effects of gluca-
gon on energy stores, you would be correct
in assuming that glucagon secretion in-
creases during the postabsorptive state

and decreases during the absorptive state,
just the opposite of insulin secretion. In

to normal

fact, insulin is sometimes referred to as a

“hormone of feasting” and glucagon as a “hormone of fasting.”
Insulin tends to put nutrients in storage when their blood levels
are high, such as after a meal, whereas glucagon promotes ca-
tabolism of nutrient stores between meals to keep up the blood
nutrient levels, especially blood glucose.

As in insulin secretion, the major factor regulating glucagon
secretion is a direct effect of the blood glucose concentration on
the endocrine pancreas. In this case, the pancreatic cells in-
crease glucagon secretion in response to a fall in blood glucose.
The hyperglycemic actions of this hormone tend to raise the
blood glucose level back to normal. Conversely, an increase in
blood glucose concentration, such as after a meal, inhibits glu-
cagon secretion, which tends to drop the blood glucose level
back to normal.
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Blood glucose

Blood glucose
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BB ad e B ks T R Y S Bl ik .
Because blood glucose elevation is the primary regulator of insu-
lin secretion, the cells are not stimulated as much with a low-

ﬁgﬁlg@%ﬁ?e meal as with a typical meal. Accordingly, reactive
hypoglycemia is less likely to occur. Giving a symptomatic indi-
vidual with reactive hypoglycemia something sugary temporarily
alleviates the symptoms. The blood glucose level is transiently
restored to normal so that the brain’s energy needs are once again
satisfied. However, as soon as the extra glucose triggers further
insulin release, the situation is merely aggravated.

Glucagon in general opposes
the actions of insulin.

Even though insulin plays a central role in controlling meta-
bolic adjustments between the absorptive and postabsorptive
states, the secretory product of the pancreatic islet cells, glu-
cagon, is also very important. Many physiologists view the
insulin-secreting cells and the glucagon-secreting cells as a
coupled endocrine system whose combined secretory output is
a major factor in regulating fuel metabolism.

Glucagon affects many of the same metabolic processes that
insulin influences, but in most cases glucagon’s actions are op-
posite to those of insulin. The major site of action of glucagon
is the liver, where it exerts a variety of effects on carbohydrate,
fat, and protein metabolism. Glucagon acts by increasing
cAMP.

ACTIONS ON CARBOHYDRATE The overall effects of glucagon

on carbohydrate metabolism result in an increase in hepatic
glucose production and release and thus an increase in blood
glucose levels. Glucagon exerts its hyperglycemic effects by de-
creasing glycogen synthesis, promoting glycogenolysis, and
stimulating gluconeogenesis.

ACTIONS ON FAT Glucagon also antagonizes the actions of in-
sulin with regard to fat metabolism by promoting fat break-
down and inhibiting triglyceride synthesis. Glucagon enhances
hepatic ketone production (ketogenesis) by promoting the
conversion of fatty acids to ketone bodies. Thus, the blood levels
of fatty acids and ketones increase under glucagon’s influence.
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« FIGURE 19-20 Complementary interactions of glucagon and insulin.

bohydrate and fat metabolism oppose one another. The effect of
blood amino acid concentration on the secretion of these two
hormones is a different story. A rise in blood amino acid con-
centration stimulates both insulin and glucagon secretion. Why
this seeming paradox, because glucagon does not exert any ef-
fect on blood amino acid concentration? The identical effect of
high blood amino acid levels on both insulin and glucagon se-
cretion makes sense if you consider the concomitant effects
these two hormones have on blood glucose levels (s Figure
19-21). If, during absorption of a protein-rich meal, the rise in
blood amino acids stimulated only insulin secretion, hypogly-
cemia might result. Because little carbohydrate is available for
absorption following consumption of a high-protein meal, the
amino acidinduced increase in insulin secretion would drive

too much glucose into the cells, causing a sudden, inappropriate
drop in the blood glucose level. However, the simultaneous in-
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Thus, a direct negative-feedback relationship exists between
blood glucose concentration and both the cells” and cells’
rates of secretion, but in opposite directions. An elevated blood
glucose level stimulates insulin secretion but inhibits glucagon
secretion, whereas a fall in blood glucose level leads to de-
creased insulin secretion and increased glucagon secretion
(s Figure 19-20). Because insulin lowers and glucagon raises
blood glucose, the changes in secretion of these pancreatic hor-
mones in response to deviations in blood glucose work together
homeostatically to restore blood glucose levels to normal.
Similarly, a fall in blood fatty acid concentration directly
inhibits insulin output and stimulates glucagon output by the
pancreas, both of which are negative-feedback control mecha-
nisms to restore the blood fatty acid level to normal.
The opposite effects exerted by blood concentrations of
glucose and fatty acids on the pancreatic and cells are ap-
propriate for regulating the circulating levels of these nutrient

Human Physiology: From Cells to Systems, 7th ed.
crease in glucagon secretion elicited by elevated blood amino
acid levels increases hepatic glucose production. Because the
hyperglycemic effects of glucagon counteract the hypoglycemic
actions of insulin, the net result is maintenance of normal blood
glueﬁs;ngqgghg(qnd prevention of hypoglycemic starvation of
the brain) during absorption of a meal that is high in protein
but low in carbohydrates.

Glucagon excess can aggravate the
hyperglycemia of diabetes mellitus.

No known clinical abnormalities are caused by glucagon

deficiency or excess per se. However, diabetes mellitus is

frequently accompanied by excess glucagon secretion
because insulin is required for glucose to gain entry into the
cells, where it can exert control over glucagon secretion. As a
result, diabetics frequently have a high rate of glucagon secretion
concurrent with their insulin insufficiency because the elevated
blood glucose cannot inhibit glucagon secretion as it normally
would. Because glucagon is a hormone that raises blood glucose,

molecules because the actions of insulin and glucagon on car-
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+ FIGURE 19-21 Counteracting actions of glucagon and in-
sulin on blood glucose during absorption of a high-protein

meal.

B cells

Insulin

Glucose uptake
by cells

Promotes cellular uptake
and assimilation
of amino acids

Hypoglycemia

its excess intensifies the hyperglycemia of diabetes mellitus. For
this reason, some insulin-dependent diabetics respond best to a
combination of insulin and somatostatin therapy. By inhibiting
glucagon secretion, somatostatin indirectly helps achieve better
reduction of the elevated blood glucose concentration than can
be accomplished by insulin therapy alone.

Epinephrine, cortisol, and growth hormone
also exert direct metabolic effects.

The pancreatic hormones are the most important regulators of
normal fuel metabolism. However, several other hormones ex-
ert direct metabolic effects, even though control of their secre-
tion is keyed to factors other than transitions in metabolism
between feasting and fasting states (A Table 19-6).

The stress hormones, epinephrine and cortisol, both in-
crease blood levels of glucose and fatty acids through a variety
of metabolic effects. In addition, cortisol mobilizes amino acids
by promoting protein catabolism. Neither hormone plays an
important role in regulating fuel metabolism under resting
conditions, but both are important for the metabolic responses
to stress. During long-term starvation, cortisol also seems to
help maintain blood glucose concentration.

Growth hormone (GH) (acting through IGF-I) has protein
anabolic effects in muscle. In fact, this is one of its growth-
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promoting features. Although GH can elevate the blood levels of
glucose and fatty acids, it is normally of little importance to the
overall regulation of fuel metabolism. Deep sleep, stress, exercise,
and severe hypoglycemia stimulate GH secretion, possibly to
provide fatty acids as an energy source and spare glucose for the
brain under these circumstances. GH, like cortisol, appears to
help maintain blood glucose concentrations during starvation.

Although thyroid hormone increases the overall metabolic
rate and has both anabolic and catabolic actions, changes in
thyroid hormone secretion are usually not important for fuel
homeostasis, for two reasons. First, control of thyroid hormone
secretion is not directed toward maintaining nutrient levels in
the blood. Second, the onset of thyroid hormone action is too
slow to have any significant effect on the rapid adjustments re-
quired to maintain normal blood levels of nutrients.

Note that, with the exception of the anabolic effects of GH
on protein metabolism, all the metabolic actions of these other
hormones are opposite to those of insulin. Insulin alone can
reduce blood glucose and blood fatty acid levels, whereas gluca-
gon, epinephrine, cortisol, and GH all increase blood levels of
these nutrients. These other hormones are therefore considered
insulin antagonists. Thus, the main reason diabetes mellitus
has such devastating metabolic consequences is that no other
control mechanism is available to pick up the slack to promote
anabolism when insulin activity is insufficient, so the catabolic
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A TABLE 19-6

MAJOR METABOLIC EFFECTS

Effect on Effect on
Effect on Blood Blood Fatty Blood Amino
Hormone Glucose Acids Acids
Insulin g g g
Glucose uptake Triglyceride Amino acid
Glycogenesis synthesis uptake
Glycogenolysis Lipolysis
Gluconeogenesis
Glucagon h h No effect
Glycogenolysis Lipolysis
Gluconeogenesis Triglyceride
Glycogenesis synthesis
Epinephrine h h No effect
Glycogenolysis Lipolysis
Gluconeogenesis
Insulin secretion
Glucagon
secretion
Cortisol h h h
Gluconeogenesis Lipolysis Protein
Glucose uptake degradation
by tissues other
than brain; glu-
cose sparing
Growth b b g
Hormone Glucose uptake Lipolysis Amino acid
by muscles; uptake
glucose sparing
increase g decrease

reactions promoted by other hormones proceed unchecked.
The only exception is protein anabolism stimulated by GH.

Endocrine Control
of Calcium Metabolism

Besides regulating the concentration of organic nutrient mole-
cules in the blood by manipulating anabolic and catabolic path-
ways, the endocrine system regulates the plasma concentration of
a number of inorganic electrolytes. As you already know, aldoste-
rone controls Na and K concentrations in the ECF. Three other
hormones—parathyroid hormone, calcitonin, and vitamin D—
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present in the ECF. Approximately half of the ECF Ca:either
is bound to plasma proteins and therefore restricted to the
plasma or is complexed with PO4 sand not free to participate
in chemical reactions. The other half of the ECF Ca:is freely
diffusible and can readily pass from the plasma into the inter-
stitial fluid and interact with the cells. The free Ca:in the
plasma and interstitial fluid is considered a single pool. Only
this free ECF Ca:is biologically active and subject to regula-
tion; it constitutes less than one thousandth of the total Ca:in
the body.

This small, free fraction of ECF Ca:plays a vital role in a
number of essential activities, including the following:

1. Neuromuscular excitability. Even minor variations in the
concentration of free ECF Cazcan have a profound and im-
mediate impact on the sensitivity of excitable tissues. A fall in
free Ca:results in overexcitability of nerves and muscles;
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Summary of Hormonal Control of Fuel Metabolism

CONTROL OF SECRETION
Effect on Major
Muscle Stimuli for Primary Role in
Protein Secretion Metabolism
h hBlood Primary regulator

Protein glucose of absorptive and

N h Blood amino stabsorptive cycles

synthesis postabsorptive cycles

Protein acids

degradation

No effect gBlood Regulation of
glucose absorptive and post-
h Blood amino absorptive cycles in
acids concert with insulin;
protection against
hypoglycemia
No effect Sympathetic Provision of energy
stimulation for emergencies and
during stress exercise
and exercise
& Stress Mobilization of meta-
Protein bolic fuels and build-
degradation ing blocks during ad-
aptation to stress
h Deep sleep Promotion of growth;
Protein Stress normally little role
synthesis Exercise in metabolism;
Protein Hypoglycemia mobilization of fuels
degradation plus glucose sparing
Synthesis of in extenuating
DNA and circumstances
RNA

control calcium (Caz) and phosphate (POs 5) metabolism. These
hormonal agents concern themselves with regulating plasma

Caz, and in the process, plasma PO 31s also maintained. Plasma
Cazconcentration is one of the most tightly controlled variables

in the body. The need for the precise regulation of plasma Caz

stems from its critical influence on so many body activities.

Plasma Ca: must be closely regulated to
prevent changes in neuromuscular excitability.

About 99% of the Cazin the body is in crystalline form within
the skeleton and teeth. Of the remaining 1%, about 0.9% is
found intracellularly within the soft tissues; less than 0.1% is

5. Maintenance of tight junctions between cells. Calcium forms
part of the intercellular cement that holds particular cells tightly
together.

6. Clotting of blood. Calcium serves as a cofactor in several
steps of the cascade of reactions that leads to clot formation.

In addition to these functions of free ECF Ca., intracellu-
lar Ca:serves as a second messenger in many cells and is in-
volved in cell motility and cilia action. Finally, the Cazin bone
and teeth is essential for the structural and functional integrity
of these tissues.

Because of the profound effects of deviations in free Caz,
especially on neuromuscular excitability, the plasma concentra-
tion of this electrolyte is regulated with extraordinary precision.
Let us see how.
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conversely, a rise in free Ca: depresses neuromuscular excit-
ability. These effects result from the influence of Ca>on mem-
brane permeability to Na . A decrease in free Cazincreases

Na permeability, with the resultant influx of Na moving the
resting potential closer to threshold. Consequently, in the pres-
ence of hypocalcemia (low blood Ca), excitable tissues may
be brought to threshold by normally ineffective physiologic
stimuli so that skeletal muscles discharge and contract (go into
spasm) “spontaneously” (in the absence of normal stimula-
tion). If severe enough, spastic contraction of the respiratory
muscles results in death by asphyxiation. Hypercalcemia (ele-
vated blood Ca) is also life threatening, because it causes
cardiac arrhythmias and generalized depression of neuromus-
cular excitability.

2. Excitation—contraction coupling in cardiac and smooth mus-
cle. Entry of ECF Ca:into cardiac and smooth muscle cells,
resulting from increased Ca: permeability in response to an
action potential, triggers the contractile mechanism. Calcium is
also necessary for excitationcontraction coupling in skeletal
muscle fibers, but in this case the Ca:is released from intracel-
lular Cazstores in response to an action potential. A signifi-
cant part of the increase in cytosolic Ca:in cardiac muscle

cells also derives from internal stores.

Note that a rise in cytosolic Ca:within a muscle cell causes
contraction, whereas an increase in free ECF Ca:decreases
neuromuscular excitability and reduces the likelihood of con-
traction. Unless one keeps this point in mind, it is difficult to
understand why low plasma Ca: levels induce muscle hyper-
activity when Ca: is necessary to switch on the contractile
apparatus. We are talking about two different Caz pools, which
exert different effects.

3. Stimulus—secretion coupling. The entry of Ca:into secre-
tory cells, which results from increased permeability to Ca:in
response to appropriate stimulation, triggers the release of the
secretory product by exocytosis. This process is important for
the secretion of neurotransmitters by nerve cells and for pep-
tide and catecholamine hormone secretion by endocrine cells.

p gg}ation

Maintaining the proper plasma concentration of free Ca dif-
fers from the regulation of Na and K in two important ways.
Thimsrdidg homeostasis is maintained primarily by regulating
the urinary excretion of these electrolytes so that controlled
output matches uncontrolled input. Although urinary excretion
of Ca:is hormonally controlled, in contrast to Na and K ,
not all ingested Ca:is absorbed from the digestive tract; in-
stead, the extent of absorption is hormonally controlled and
depends on the Cazstatus of the body. In addition, bone serves
as a large Ca:reservoir that can be drawn on to maintain the
free plasma Ca: concentration within the narrow limits com-
patible with life should dietary intake become too low. Ex-
change of Ca:between the ECF and bone is also subject to
hormonal control. Similar in-house stores are not available for
NaandK .

Regulation of Ca: metabolism depends on hormonal con-
trol of exchanges between the ECF and three other compart-
ments: bone, kidneys, and intestine. Control of Ca> metabo-
lism encompasses two aspects:

*  First, regulation of calcium homeostasis involves the im-
mediate adjustments required to maintain a constant free plasma
Ca: concentration on a minute-to-minute basis. This is largely
accomplished by rapid exchanges between bone and ECF and to
a lesser extent by modifications in urinary excretion of Ca:.

*  Second, regulation of calcium balance involves the more
slowly responding adjustments required to maintain a constant
total amount of Cazin the body. Control of Ca:balance en-
sures that Ca: intake is equivalent to Caz excretion over the

long term (weeks to months). Calcium balance is maintained by
adjusting the extent of intestinal Ca:absorption and urinary
Cazexcretion.

Parathyroid hormone (PTH), the principal regulator of
Ca:metabolism, acts directly or indirectly on all three of these
effector sites. It is the primary hormone responsible for mainte-

4. Excitation—secretion coupling. In pancreatic
entry from the ECF in response to membrane depolarization
leads to insulin secretion.

stasis or balance. It serves a backup function during the rare
times of extreme hypercalcemia. We will examine the specific
effects of each of these hormonal systems in more detail.

Parathyroid hormone raises free plasma
Ca:xlevels by its effects on bone, kidneys,
and intestine.

Parathyroid hormone (PTH) is a peptide hormone secreted by
the parathyroid glands, four rice grainsized glands located

on the back surface of the thyroid gland, one in each corner (see
« Figure 19-25, p. 734). Like aldosterone, PTH is essential for
life. The overall effect of PTH is to increase the Ca: concentra-
tion of plasma (and, accordingly, of the entire ECF), thereby
preventing hypocalcemia. In the complete absence of PTH,
death ensues within a few days, usually because of asphyxiation
caused by hypocalcemic spasm of respiratory muscles. By its
actions on bone, kidneys, and intestine, PTH raises plasma
Cazlevel when it starts to fall so that hypocalcemia and its ef-
fects are normally avoided. This hormone also acts to lower
plasma POs 3 concentration. We will consider each of these
mechanisms, beginning with an overview of bone remodeling
and the actions of PTH on bone.

Bone continuously undergoes remodeling.

Because 99% of the body’s Ca:is in bone, the skeleton serves
as a storage depot for Ca:. (See a Table 19-7 for other func-
tions of the skeleton.) Bone is a living tissue composed of an
organic extracellular matrix or osteoid (see p. 679) impregnated
with hydroxyapatite crystals consisting primarily of precipi-
tated Cas(POs): (calcium phosphate) salts. Normally, Cas(POx):
salts are in solution in the ECF, but the conditions within bone
are suitable for these salts to precipitate (crystallize) around the
collagen fibers in the matrix. By mobilizing some of these Ca:
stores in bone, PTH raises plasma Ca: concentration when it
starts to fall.

https://translate.googleusercontent.com/translate_f

cells, Cax+

nance of Ca:homeostasis and is essential for maintaining

Caxbalance, although vitamin D also contributes in important

ways to Ca:balance. The third Ca:-influencing hormone,
calcitonin, is not essential for maintaining either Ca>-homeo-

The Peripheral Endocrine Glands

A TABLE 19-7 Functions of the Skeleton

Support

Protection of vital internal organs

Assistance in body by giving 3 to
muscles and providing leverage
Manufacture of blood cells (bone marrow)
Storage depot for Ca2and POs 3, which can be ex-
changed with the plasma to maintain plasma concentra-

tions of these electrolytes

bone. Thus attached, the osteoclast actively secretes hydrochlo-
ric acid that dissolves the Cas(POx): crystals and enzymes that
break down the organic matrix. After it has created a cavity, the
osteoclast moves on to an adjacent site to burrow another hole
or dies by apoptosis (cell suicide; see p. 124), depending on the
regulatory signals it receives. Osteoblasts move into the cavity
and secrete osteoid to fill in the hole. Subsequent mineralization
of this organic matrix results in new bone to replace the bone
dissolved by the osteoclast. Thus, a constant cellular tug-of-war
goes on in bone, with bone-forming osteoblasts countering the
efforts of the bone-destroying osteoclasts. These construction
and demolition crews, working side by side, continuously re-
model bone. At any given time, about a million microscopic-
sized sites throughout the skeleton are undergoing resorption

or deposition. Throughout most of adult life, the rates of bone
formation and bone resorption are about equal, so total bone
mass remains fairly constant during this period.

Osteoblasts and osteoclasts both trace their origins to the
bone marrow. Osteoblasts are derived from stromal cells, a type
of connective tissue cell in the bone marrow, whereas osteo-
clasts differentiate from macrophages, which are tissue-bound
derivatives of monocytes, a type of white blood cell (see p. 404).
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deposition (formation) and bone resorption (removal) nor-
mally go on concurrently so that bone is constantly being re-
modeled, much as people remodel buildings by tearing down
walls and replacing them. Through remodeling, the adult hu-
man skeleton is completely regenerated an estimated every
10 years. Bone remodeling serves two purposes: (1) it keeps the
skeleton appropriately “engineered” for maximum effectiveness
in its mechanical uses, and (2) it helps maintain the plasma
Ca:level. Let us examine in more detail the underlying mech-
anisms and controlling factors for each of these purposes.
Recall that three types of bone cells are present in bone (see
pp. 679 and 681). The osteoblasts secrete the extracellular or-
ganic matrix within which the Cas(POx): crystals precipitate.
The osteocytes are the retired osteoblasts imprisoned within the
bony wall they have deposited around themselves. The osteo-
clasts resorb bone in their vicinity. The large, multinucleated
osteoclasts attach to the organic matrix and form a “ruffled
membrane” that increases its surface area in contact with the

TRAHIBHS PR SRS SRt Bl A ath iRt dmy
osteoclast development and activity in opposite ways—RANK
ligand and osteoprotegerin—as follows (s Figure 19-22):

*  TRxNKtHgand (RANKL) revs up osteoclast action. (A /i-
gand is a small molecule that binds with a larger protein mol-
ecule; an example is an extracellular chemical messenger bind-
ing with a plasma membrane receptor.) As its name implies,
RANK ligand binds to RANK (for receptor activator of NF- B),
a protein receptor on the membrane surface of nearby macro-
phages. This binding induces the macrophages to differentiate
into osteoclasts and helps them live longer by suppressing
apoptosis. As a result, bone resorption is stepped up and bone
mass decreases.

*  Alternatively, neighboring osteoblasts can secrete osteopro-
tegerin (OPG), which by contrast suppresses osteoclast activity.
OPG secreted into the matrix serves as a freestanding decoy
receptor that binds with RANKL. By taking RANKL out of ac-
tion so that it cannot bind with its intended RANK receptors,
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Mechanical stress also tips the balance in favor of bone de-
position, causing bone mass to increase and the bones to
strengthen. Mechanical factors adjust the strength of bone in
response to the demands placed on it. The greater the physical

Osteoblasts and
their precursors

(secrete) (secrete) stress and compression to which a bone is subjected, the greater

is the rate of bone deposition. For example, the bones of athletes

RANK ligand Osteoprotegerin
(RANKL) (OPG)

are stronger and more massive than those of sedentary people.
By contrast, bone mass diminishes and the bones weaken
when bone resorption gains a competitive edge over bone de-
position in response to removal of mechanical stress. For ex-

ample, bone mass decreases in people who undergo prolonged
bed confinement or those in spaceflight. Early astronauts lost

RANK up to 20% of their bone mass during their time in orbit. Thera-

Macrophages/ RANKL bound
osteoclasts to OPG not

available to
bind with RANK

peutic exercise can limit or prevent such loss of bone.
Bone mass also decreases as a person ages. Bone density
peaks when a person is in the 30s, then starts to decline

after age 40. By 50 to 60 years of age, bone resorption
(triggered by
binding of
RANKL and RANK)

often exceeds bone formation. The result is a reduction in bone
mass known as osteoporosis (meaning “porous bones”). This
bone-thinning condition is characterized by a diminished laying
Blocks action down of organic matrix as a result of reduced osteoblast activity
Of RANK and/or increased osteoclast activity rather than abnormal bone

Differentiation Suppression
of macrophages of osteoclast
into osteoclasts apoptosis

calcification. The underlying cause of osteoporosis is uncertain.

Plasma Ca>and POs slevels are normal, as is PTH. Osteopo-

rosis occurs with greatest frequency in postmenopausal women
Osteoclast Osteoclast

° ° because of the associated withdrawal of bone-preserving estro-
action action

gen. (For more details on osteoporosis, see the boxed feature on
pp. 730-731, m A Closer Look at Exercise Physiology.)

Osteoclast action Osteoblast action

outpaces outpaces

PTH raises plasma Ca: by withdrawing Ca:
from the bone bank.

osteoblast action osteoclast action

In addition to the factors geared toward controlling the me-
chanical effectiveness of bone, throughout life PTH uses bone
as a “bank” from which it withdraws Ca:as needed to main-

Bone mass Bone mass

tain plasma Ca: level. Parathyroid hormone has two major
effects on bone that raise plasma Ca: concentration. First, it
induces a fast Ca: efflux into the plasma from the small labile
pool of Ca:in the bone fluid. Second, by stimulating bone dis-
solution, it promotes a slow transfer into the plasma of both
Carand POs  3from the stable pool of bone minerals in bone

« FIGURE 19-22 Role of in governing

development and activity.

OPG prevents RANKL from revving up osteoclasts’ bone- ) . o .
resorbing activity. As a result, the matrix-making osteoblasts itself. As a result, ongoing bone remodeling is tipped in favor of
bone resorption over bone deposition. Let us examine more
thoroughly PTH’s actions in mobilizing Ca: from its labile and

stable pools in bone.

are able to outpace the matrix-removing osteoclasts, so bone
mass increases. The balance between RANKL and OPG thus is
an important determinant of bone density. If osteoblasts pro-
duce more RANKL, the more osteoclast action, the lower the
bone mass. If osteoblasts produce more OPG, the less osteoclast

The immediate effect of PTH is to promote
action, the greater the bone mass. Importantly, scientists are

the transfer of Ca:from bone fluid into plasma.

currently unraveling the influence of various factors on this bal- ]
Compact bone forms the dense outer portion of a bone. Inter-

connecting spicules of trabecular bone make up the more lacy-

ance. For example, the female sex hormone estrogen stimulates
activity of the OPG-producing gene in osteoblasts and also

promotes apoptosis of osteoclasts, both mechanisms by which
this hormone preserves bone mass.

Mechanical stress favors bone deposition.

As a child grows, the bone builders keep ahead of the bone de-
stroyers under the influence of GH and IGF-I (see pp. 679-681).

https://translate.googleusercontent.com/translate_f

appearing inner core of a bone (« Figure 19-23, p. 732). Com-
pact bone is organized into osteon units, each of which consists
of a central canal surrounded by concentrically arranged lamel-
lae (« Figure 19-23b). Lamellae are layers of osteocytes en-
tombed within the bone they have deposited around themselves
(s Figure 19-23c). The osteons typically run parallel to the long
axis of the bone. Blood vessels penetrate the bone from either

The Peripheral Endocrine Glands
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Osteoporosis: The Bane of Brittle Bones

Osteoporosis, a decrease in bone density
resulting from reduced deposition of the
bone’s organic matrix (sce the accompa-
nying figure), is a major health problem
that affects 38 million people in the
United States. The condition is especially
prevalent among perimenopausal and

1 women. (Pe

is the transition period from normal men-
strual cycles to no cycles brought about
by waning ovarian function. Menopause is
permanent cessation of menstruation.)
During this time, women start losing 1%
or more bone density each year. Skeletons
of elderly women are typically only 50%
to 80% as dense as at their peak at about
age 35, whereas elderly men’s skeletons
retain 80% to 90% of their youthful
density.

Osteoporosis is responsible for the
greater incidence of bone fractures
among women over the age of 50 than
among the population at large. Because
bone mass is reduced, the bones are
more brittle and more susceptible to frac-
ture in response to a fall, blow, or lifting
action that normally would not strain
stronger bones. For every 10% loss of

bone mass, the risk of fracture doubles.

Osteoporosis is the underlying cause of
approximately 1.5 million fractures each
year, of which 530,000 are vertebral frac-
tures and 227,000 are hip fractures. The
attendant medical and rehabilitation cost
is $14 billion per year. The cost in pain,
suffering, and loss of independence is
not measurable. Half of all American
women have spinal pain and deformity

by age 75.

Normal bone

D. P. Motta/SPL/Photo Researchers, Inc.

Osteoporotic bone

Comparison of normal and osteoporotic bone. Note the reduced

density of ic trabecular bone

Drug Therapy for Osteoporosis

Estrogen replacement therapy, Caz supple-

and a regular weight-bearing ex-

ercise program traditionally have been the
most common therapeutic approaches used
to minimize or reverse bone loss. Estrogen
slows bone loss by promoting apoptosis (cell
suicide) of osteoclasts and by enhancing ac-
tivity of osteoblasts. However, estrogen ther-
apy has been linked to an increased risk of
breast cancer and cardiovascular disease, and
Cazalone has not been as effective in halt-
ing bone thinning as was once hoped.

The Food and Drug Administration has

recently approved four new classes of drugs

d to normal

bone.

for treating osteoporosis: bisphosphonates,
calcitonin in a nasal-spray form, raloxifene,
and teriparatide; and several other promis-

ing drugs are in the pipeline, as follows:

u Alendronate (Fosamax), a bisphospho-

nate, was the first nonhormonal osteo-
porosis drug. It works by blocking os-
teoclasts” bone-destroying actions.
Alendronate pills have to be taken daily,
or a newer version can be taken weekly.
Even newer bisphosphonates can be
taken at longer intervals, such as ibon-
dronate (Boniva) (once-a-month pill)
and zoledronic acid (Reclast) (once-a-

year intravenous infusion).

the outer surface or the marrow cavity and run through the cen-
tral canals. Osteoblasts are present along the outer surface of the
bone and along the inner surfaces lining the central canals. Os-
teoclasts are also located on bone surfaces undergoing resorp-
tion. The surface osteoblasts and entombed osteocytes are con-
nected by an extensive network of small, fluid-containing canals,
the canaliculi, which allow substances to be exchanged between
trapped osteocytes and the circulation. These small canals also
contain long, filmy cytoplasmic extensions, or “arms,” of osteo-
cytes and osteoblasts that are connected to one another, much as
if these cells were “holding hands.” The “hands” of adjacent cells

730 Chapter 19

are connected by gap junctions, which permit communication
and exchange of materials among these bone cells. The intercon-
necting cell network, which is called the osteocytic-osteoblastic
bone membrane, separates the mineralized bone itself from the
blood vessels within the central canals (s Figure 19-24a). The
small, labile pool of Ca:is in the bone fluid that lies between
this bone membrane and the adjacent bone, both within the
canaliculi and along the surface of the central canal.

PTH exerts its effects via cAMP. The earliest effect of PTH
is to activate membrane-bound Ca: pumps located in the
plasma membranes of the osteocytes and osteoblasts. These

= Calcitonin (Miacalcin), the thyroid C-cell
hormone that slows osteoclast activity, is
used to treat advanced osteoporosis,
but traditionally it had to be injected
daily, a deterrent to patient compliance.
Now calcitonin is available in a more pa-
tient-friendly nasal spray (Fortical).

= Raloxifene (Evista) belongs to a new class
of drugs known as selective estrogen re-
ceptor modulators (SERMs). Raloxifene
does not bind with estrogen receptors
in reproductive organs, but it does bind

with estrogen receptors outside the

= The statins (for example, Lipitor) are an-
other group of drugs with some prom-
ise for treating osteoporosis. The statins
are already commonly used as
cholesterol-lowering agents. They also

1 bl

activity,
bone formation and reducing the frac-
ture rate, which are side benefits to their
favorable cholesterol actions. They still
have not been approved specifically for
use in preventing bone loss.

« ANGELS (activators of nongenomic

estrogen-like signaling) is a new class of

fects. Therefore, prevention is by far the
best approach to managing this discase.
Development of strong bones to begin
with before menopause through a good,
Cax-rich diet and adequate exercise ap-
pears to be the best preventive measure. A
large reservoir of bone at midlife may delay
the clinical manifestations of osteoporosis
in later life. Continued physical activity
throughout life appears to retard or pre-
vent bone loss, even in the elderly.

It is well documented that osteoporosis

can result from disuse—that is, from re-

58/73



04/08/2021

Page 79

reproductive system, such as in bone.
Through this selective receptor binding,

raloxifene mimics estrogen’s beneficial
effects on bone to provide protection
against osteoporosis by keeping osteo-
clasts in check while avoiding estrogen’s
potentially harmful effects on reproduc-
tive organs, such as increased risk of
breast cancer.

» Teriparatide (Forteo) is the newest class
of osteoporosis drugs and the first ap-
proved treatment that stimulates bone
formation instead of acting to prevent
bone loss, as the other drugs do. Teripa-
ratide, which must be injected, is an ac-
tive fragment of parathyroid hormone
(PTH). Even though continuous expo-
sure to PTH, as with hyperparathyroid-
ism, increases osteoclast activity and
thereby promotes the breakdown of
bone, evidence suggests that, by con-
trast, intermittent administration of PTH
(or its active teriparatide fragment) in-
creases osteoblast formation and pro-
longs survival of these bone builders by

blocking osteoblast apoptosis.

Human Physiology:

is drug under devel .
Most of estrogen’s effects are brought

about by estrogen binding with its re-
ceptors in the target cell’s nucleus,

thereby turning on specific genes, just

nslating...

as all steroids do (see p. 126) FHOWEG!
scientists recently discovered that estro-
gen blocks apoptosis among osteoblasts
by using a different pathway. In this al-
ternative cytoplasmic-signaling pathway,
estrogen binds with a cytoplasmic re-
ceptor instead of binding with its nu-
clear receptor to bring about its effect.
Estren, the first ANGELS drug, triggers
estrogen’s cytoplasmic signaling path-
way to block osteoblast apoptosis. The
term ANGELS refers to activation of this
nongene pathway, by contrast to
SERMs, which trigger estrogen’s tradi-

tional nuclear gene pathway in bone.

Benefits of Exercise on Bone

Despite advances in osteoporosis therapy,
treatment is still often less than satisfactory,
and all the current therapeutic agents are

associated with some undesirable side ef-

From Cells to Systems, 7th ed.

duced mechanical loading of the skeleton.
Space travel has clearly shown that lack of

gravity results in a decrease in bone density.
Studies of athletes, by contrast, demonstrate
that weight-bearing physical activity in-
creases bone density. Within groups of ath-
letes, bone density correlates directly with
the load the bone must bear. If one looks at
athletes’ femurs (thigh bones), the greatest
bone density is found in weight lifters, fol-

lowed in order by throwers, runnes

soccer

players, and finally swimmers. In fact, the
bone density of swimmers does not differ
from that of nonathletic controls. Swimming
does not place any strain on bones. The
bone density in the playing arm of male ten-
nis players has been found to be as much as
35% greater than in their other arm; female
tennis players have been found to have 28%
greater density in their playing arm than in
their other arm. One study found that very
mild activity in nursing-home patients,
whose average age was 82 years, not only
slowed bone loss but even resulted in bone
buildup over a 36-month period. Thus, exer-

cise is a good defense against osteoporosis.

pumps promote movement of Caz, without the accompani-
ment of POs 3, from the bone fluid into these cells, which in
turn transfer the Cazinto the plasma within the central canal.
Thus, PTH stimulates the transfer of Ca: from the bone fluid
across the osteocytic-osteoblastic bone membrane into the
plasma. Movement of Ca: out of the labile pool across the
bone membrane accounts for the fast exchange between bone
and plasma (s Figure 19-24b). Because of the large surface area
of the osteocytic-osteoblastic membrane, small movements of
Cazacross individual cells are amplified into large Ca: fluxes
between the bone fluid and plasma.

After Cazis pumped out, the bone fluid is replenished
with Ca: from the partially mineralized bone along the adja-
cent bone surface. Thus, the fast exchange of Cazdoes not
involve resorption of completely mineralized bone, and bone
mass is not decreased. Through this means, PTH draws Ca>
out of the “quick-cash branch” of the bone bank and rapidly
increases the plasma Ca: level without actually entering the
bank (that is, without breaking down mineralized bone itself).
Nomally, this exchange is much more important for maintain-
ing plasma Ca: concentration than is the slow exchange.

The Peripheral Endocrine Glands
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PTH’s chronic effect is to promote localized sorption, there are no immediate discernible effects on the
dissolution of bone to release Ca:into plasma. skeleton_ b-ecause such a tiny amount of bone is affected. Yet
the negligible amount of Ca: “borrowed” from the bone bank
Under conditions of chronic hypocalcemia, such as may occur can be lifesaving in terms of restoring free plasma Ca: level
with dietary Ca:deficiency, PTH influences the slow ex- to normal. The borrowed Ca: is then redeposited in the bone
change of Ca:between bone itself and the ECF by promoting at another time when Cazsupplies are more abundant.
actual localized dissolution of bone. It does so by acting on Meanwhile, the plasma Ca:level has been maintained with-
osteoblasts, causing them to secrete RANKL, thereby indi- out sacrificing bone integrity. However, prolonged excess PTH
rectly stimulating osteoclasts to gobble up bone and increas- secretion over months or years eventually leads to the forma-
ing the formation of more osteoclasts while transiently inhib- tion of cavities throughout the skeleton that are filled with
iting the bone-forming activity of osteoblasts. Bone contains very large, overstuffed osteoclasts.
so much Ca:compared to the plasma (more than 1000 times When PTH promotes dissolution of the Cas(POx): crystals
as much) that even when PTH promotes increased bone re- in bone to harvest their Ca: content, both Caand POs sare
732 Chapter 19
Page 80
Osteocytic- escapes into urine. This effect in-
Osteoblast Osteocyte osteoblastic creases the plasma Ca:level and de-
bone creases urinary Ca: losses. (It would
membrane Osteoblast . .
be counterproductive to dissolve bone
Osteocl to obtain more Ca: only to lose it in
steoclast .
urine.) By contrast, PTH decreases
PO, sreabsorption, thus increasing
Mineralized Blood vessel urinary PO: 3 excretion. As a result,
bone
PTH reduces plasma PO:  slevels at
the same time it increases plasma
Ca: concentrations.
Central canal R R
Outer This PTH-induced removal of ex-
surface Canaliculi Bone fluid tra POs »from the body fluids is es-
sential for preventing reprecipitation
Lamellae of the Ca: freed from bone. Because
of the solubility characteristics of
Cas(POs): salt, the product of the
KEY plasma concentration of Ca:times
the plasma concentration of POs }
A }é':: :;::bou"d must remain roughly constant. There-
@O bone fore, an inverse relationship exists be-
o tween the plasma concentrations of
In canaliculi In central canal In a fast exchange, Carand POs 5 for example, when
Caz+is moved from the .
. R the plasma POs 3 level rises, some
Mineralized bone: Bone fluid: Plasma fabile pool in the bone 1 Ca:is fc d back i b
stable pool of Caz+ labile pool fluid into the plasma by plasma t.a:1s force ; ack mto bone
of Caz PTH»ﬂCltlvalej Cazh‘ through hydroxyapatite crystal for-
pumps located in the . .
mation, reducing plasma Ca: level
Fast exchange osteocytic-osteoblastic > ep .
o Caz+ bone membrane. and keeping constant the calcium
Slow exchange phosphate product. This inverse rela-
(Bone Caze Inaslow exchange, tionship occurs because the concen-
dissolution) Caz:is moved from the trations of free Cazand PO sions

Osteocytic-osteoblastic bone membrane
(formed by filmy cytoplasmic extensions of
i ytes and blasts)

(b) Fast and slow exchange of Ca2+ between bone and plasma

stable pool in the ; . o )
mineralized bone into in the ECF are in equilibrium with the
the plasma through PTH-

induced dissolution of

bone crystals.
Recall that both Ca:and PO«
are released from bone when PTH

3

the bone by osteoclasts.

promotes bone dissolution. Because

« FIGURE 19-24 Fast and slow exchanges of Ca:across the osteocytic-osteoblastic
bone membrane. (a) Entombed osteocytes and surface osteoblasts are interconnected by long
cytoplasmic processes that extend from these cells and connect to one another within the cana-

liculi. This interconnecting cell network, the osteocyti ic bone

the mineralized bone from the plasma in the central canal. Bone fluid lies between the mem-
brane and the mineralized bone. (b) Fast exchange of Ca:between the bone and plasma is
accomplished by Ca: pumps in the osteocytic-osteoblastic bone membrane that transport

Ca: from the bone fluid into these bone cells, which transfer the Ca:into the plasma. Slow ex-

change of Ca:between the bone and plasma is accomplished by osteoclast dissolution of bone.

PTH is secreted only when plasma
Ca: falls below normal, the released
Cazis needed to restore plasma Caz
to normal, yet the released POs
tends to raise plasma PO slevels
above normal. If plasma PO.  slevels
were allowed to rise above normal,

some of the released Ca> would

released into the plasma. An elevation in plasma POs

sirable, but PTH deals with this dilemma by its actions on the

kidneys.

PTH acts on the kidneys to conserve Ca:
and eliminate POs 3.

PTH promotes Ca: conservation and PO
kidneys during urine formation. Under the influence of PTH,
the kidneys can reabsorb more of the filtered Cas, so less Caz

https://translate.googleusercontent.com/translate_f

3is unde-

selimination by the

have to be redeposited back in bone
along with the PO:  3to keep the cal-
cium phosphate product constant.
This self-defeating redeposition of

Ca:would lower plasma Caz, just the opposite of the needed

effect. Therefore, PTH acts on the kidneys to decrease the

1 by the renal tubules. This increases uri-

sand lowers its plasma concentration,

reabsorption of POs
nary excretion of PO
even though extra POs
blood.

The third important action of PTH on the kidneys (be-

31s being released from bone into the

sides increasing Ca:reabsorption and decreasing PO sre-
absorption) is to enhance the activation of vitamin D by the
kidneys.
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Plasma Ca2 Plasma Ca2
Parathyroid glands Thyroid C cells

PTH Calcitonin

Plasma Ca2 Plasma Caz

o FIGURE 19-25 Negative-feedback loops controlling para-

thyroid hormone (PTH) and calcitonin secretion.

PTH indirectly promotes absorption of Ca:
and PQq :by the intestine.

Although PTH has no direct effect on the intestine, it indirectly

increases both Ca:and POs sabsorption from the small intes-
tine by helping activate vitamin D. This vitamin, in turn, di-
rectly increases intestinal absorption of Cazand POs 3, a topic

we will discuss more thoroughly shortly.

The primary regulator of PTH secretion
is plasma concentration of free Ca,.

All the effects of PTH raise plasma Ca: levels. Appropriately,
PTH secretion increases when plasma Ca: falls and decreases
when plasma Ca:rises. The secretory cells of the parathyroid
glands are directly and exquisitely sensitive to changes in free
plasma Ca. Because PTH regulates plasma Cazconcentra-

tion, this relationship forms a simple negative-feedback loop for
controlling PTH secretion without involving any nervous or
other hormonal intervention (» Figure 19-25).

Calcitonin lowers plasma Ca: concentration
but is not important in the normal control
of Ca: metabolism.

Calcitonin, the hormone produced by the C cells of the thy-
roid gland, also exerts an influence on plasma Ca: levels.

Like PTH, calcitonin has two effects on bone, but in this case
both effects decrease plasma Ca:levels. First, on a short-term
basis calcitonin decreases Ca: movement from the bone fluid
into the plasma. Second, on a long-term basis calcitonin de-
creases bone resorption by inhibiting the activity of osteo-
clasts via the cAMP pathway. The suppression of bone resorp-
tion lowers plasma POs slevels as well as reduces plasma
Caz concentration. Calcitonin also inhibits Ca:and PO
reabsorption from the nephron, further reinforcing its hypo-
calcemic and hypophosphatemic effects. Calcitonin has no
effect on the intestine.
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TARRSIANMEFH, the primary regulator of calcitonin release is
free plasma Ca: concentration, but unlike with PTH, an in-
crease in plasma Caz stimulates calcitonin secretion and a fall
in plasma Ca:inhibits calcitonin secretion (s Figure 19-25).
Because calcitonin reduces plasma Ca: levels, this system con-
stitutes a second simple negative-feedback control over plasma
Ca: concentration, one opposed to the PTH system.

Most evidence suggests, however, that calcitonin plays little
or no role in the normal control of Ca:or POs smetabolism.
Although calcitonin protects against hypercalcemia, this condi-
tion rarely occurs under normal circumstances. Moreover, nei-
ther thyroid removal nor calcitonin-secreting tumors alter cir-
culating levels of Cazor POs 5, implying that this hormone is
not normally essential for maintaining Cazor POs shomeo-
stasis. Calcitonin may, however, play a role in protecting skeletal
integrity when there is a large Ca>demand, such as during
pregnancy or breast-feeding. Furthermore, some experts specu-
late that calcitonin may hasten the storage of newly absorbed
Ca: following a meal.

Vitamin D is actually a hormone that increases
calcium absorption in the intestine.

The final factor involved in regulating Ca: metabolism is
cholecalciferol, or vitamin D, a steroidlike compound essen-
tial for Ca:absorption in the intestine. Strictly speaking, vi-
tamin D should be considered a hormone because the body
can produce it in the skin from a precursor related to choles-
terol (7-dehydrocholesterol) on exposure to sunlight. It is
subsequently released into the blood to act at a distant target
site, the intestine. The skin, therefore, is actually an endocrine
gland and vitamin D a hormone. Traditionally, however, this
chemical messenger has been considered a vitamin, for two
reasons. First, it was originally discovered and isolated from a
dietary source and tagged as a vitamin. Second, even though
the skin would be an adequate source of vitamin D if it were
exposed to sufficient sunlight, indoor dwelling and clothing in
response to cold weather and social customs preclude signifi-
cant exposure of the skin to sunlight in the United States and
many other parts of the world most of the time. At least part
of the essential vitamin D must therefore be derived from di-
etary sources.

ACTIVATION OF VITAMIN D Regardless of its source, vitamin D
is biologically inactive when it first enters the blood from
either the skin or the digestive tract. It must be activated by two
sequential biochemical alterations that involve the addition of
two hydroxyl (—OH) groups (s Figure 19-26). The first of
these reactions occurs in the liver and the second in the kid-
neys. The end result is production of the active form of vitamin
D, 1,25-(OH):-vitamin Ds, also known as calcitriol. The kidney
enzymes involved in the second step of vitamin D activation
are stimulated by PTH in response to a fall in plasma Ca.. To

a lesser extent, a fall in plasma POs salso enhances the activa-
tion process.

FUNCTION OF VITAMIN D The most dramatic effect of activated
vitamin D is to increase Cazabsorption in the intestine. Unlike

vitamin D exerts its effects by binding with

a nuclear vitamin D receptor, with this
complex regulating gene transcription in

the target cells by binding with the vitamin

D-response element in DNA.

PTH is principally responsible for
controlling Ca>homeostasis because the
actions of vitamin D are too sluggish for it
to contribute substantially to the minute-
to-minute regulation of plasma Cazcon-
centration. However, both PTH and vita-

Steve (i [ are essential to Ca: balance, the
process ensuring that, over the long term,
Dietary vitamin D Ca:input into the body is equivalent to
Cazoutput. When dietary Ca:intake is
reduced, the resultant transient fall in
plasma Ca: level stimulates PTH secre-
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« FIGURE 19-26 Activation of vitamin D.
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Vitamin D3

Liver enzymes

25-OH-vitamin D3

PTH

Kidney enzymes

1, 25-(OH)2-vitamin D3
(active vitamin D)

Promotes intestinal absorption
of Cazand PO+

most dietary constituents, dietary Ca:is not indiscriminately
absorbed by the digestive system. In fact, the majority of in-
gested Caxis typically not absorbed but is lost in the feces.
‘When needed, more dietary Ca:is absorbed into the plasma
under the influence of vitamin D. Independently of its effects on
Caxtransport, the active form of vitamin D also increases intes-
tinal POs sabsorption. Furthermore, vitamin D increases the

responsiveness of bone to PTH. Thus, vitamin D and PTH are
closely interdependent (« Figure 19-27). Like steroid hormones,
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tinporharinsreasedh A hastwalshiasts
(1) it stimulates Cazreabsorption by the
kidneys, thereby decreasing Ca: output;
and (2) it activates vitamin D, which in-
creases the efficiency of uptake of ingested
Caz. Because PTH also promotes bone
resorption, a substantial loss of bone min-
erals occurs if Ca: intake is reduced for a
prolonged period, even though bone is
not directly involved in maintaining Caz
input and output in balance.

Recent research indicates that vitamin
D’s functions are more far reaching than its
effects on uptake of ingested Ca:and
PO, 3. Vitamin D, at higher blood concen-
trations than those sufficient to protect
bone, appears to bolster muscle strength
and is also an important force in energy
metabolism and immune health. It helps
thwart development of diabetes mellitus,
fights some types of cancer, and counters
autoimmune diseases like multiple sclerosis
by presently unknown mechanisms. Be-
cause of these newly found actions, scien-
tists and dieticians are reevaluating the rec-
ommended daily allowance (RDA) for
vitamin D in the diet, especially when suf-
ficient sun exposure is not possible. The

RDA will likely be bumped up, but what the

optimal value will be is yet to be deter-
mined by further study.

Phosphate metabolism is controlled
by the same mechanisms that regulate

Ca; metabolism.

Intracellular PO+

sis important in the high-energy phosphate

bonds of ATP, plays a key regulatory role in phosphorylating
designated proteins in second-messenger pathways, and helps

form the backbone of DNA molecules. Excreted POs

Bone

Activation Mobilization of
of vitamin D Caz from bone

Intestine

Absorption of
Cazin intestine

Plasma Ca2

o FIGURE 19-27 Interactions between PTH and vitamin D in controlling plasma

calcium.

portant urinary buffer. In the ECF, plasma POs sconcentration
is not as tightly controlled as plasma Ca:concentration. Phos-
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Disorders in Ca: metabolism
may arise from abnormal
levels of PTH or vitamin D.

The primary disorders that af-

fect Cazmetabolism are too

much or too little PTH or a defi-
ciency of vitamin D.

PTH HYPERSECRETION Excess PTH
secretion, or hyperparathyroidism,
which is usually caused by a hyperse-
creting tumor in one of the parathy-
roid glands, is characterized by hyper-
calcemia and hypophosphatemia. The
affected individual can be asymptom-
atic or symptoms can be severe, de-
pending on the magnitude of the
problem. The following are among the
possible consequences:

«Hypercalcemia reduces the excitabil-
ity of muscle and nervous tissue, leading
to muscle weakness and neurologic dis-
orders, including decreased alertness,
poor memory, and depression. Cardiac
disturbances may also occur.

= Excessive mobilization of Ca2and

PO. :from skeletal stores leads to thin-
ning of bone, which may result in skel-
ctal deformities and increased inci-
dence of fractures.

= An increased incidence of Cax-
containing kidney stones occurs be-
cause the excess quantity of Ca:being
filtered through the kidneys may pre-
cipitate and form stones. These stones

may impair renal function. Passage of the stones through the
ureters causes extreme pain. Because of these potential multiple

consequences, hyperparathyroidism has been called a disease of

https://translate.googleusercontent.com/translate_f
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phiniscasulated dieptbaByoriianin anddndiecs Py Basma
PO: s concentration exerts a twofold effect to help raise the cir-
culating POs slevel back to normal (e Figure 19-28). First, be-
cause of the inverse relationship between the POs
concentrations in the plasma, a fall in plasma PO
plasma Caz, which directly suppresses PTH secretion. In the
sreabsorption by the kidneys
sconcentration toward normal.

presence of reduced PTH, POs
increases, returning plasma PO
Second, a fall in plasma PO
min D, which then promotes PO4
This further helps alleviate the initial hypophosphatemia. Note

salso increases activation of vita-
sabsorption in the intestine.

that these changes do not compromise Ca: balance. Although
the increase in activated vitamin D stimulates Caz absorption
from the intestine, the concurrent fall in PTH produces a com-
pensatory increase in urinary Ca:excretion because less of the
filtered Ca:is reabsorbed. Therefore plasma Ca:remains un-
changed while plasma POs  _is being increased to normal.
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“bones, stones, and abdominal groans.”

*  To further account for the “abdominal groans,” hypercalce-
mia can cause peptic ulcers, nausea, and constipation.
Translating...
PTH HYPOSECRETION Because of the parathyroid glands’ close
anatomic relation to the thyroid, the most common cause of
deficient PTH secretion, or hypoparathyroidism, used to be
inadvertent removal of the parathyroid glands (before doctors
knew about their existence) during surgical removal of the thy-
roid gland (to treat thyroid disease). If all the parathyroid tissue
was removed, these patients died, of course, because PTH is
essential for life. Physicians were puzzled why some patients
died soon after thyroid removal but others did not. Now that
the location and importance of the parathyroid glands are
known, surgeons are careful to leave parathyroid tissue during
thyroid removal. Rarely, PTH hyposecretion results from an
autoimmune attack against the parathyroid glands.

3

Kidneys

Activated vitamin D

PTH
POy 3 reabsorption Cazreabsorption
by kidneys by kidneys
Urinary excretion Caz absorption
of Caz in intestine
(Counteract each other)
Urinary excretion PO4 3absorption
of POs ° No change in plasma Ca2 in intestine

« FIGURE 19-28 Control of plasma phosphate.

Hypoparathyroidism leads to hypocalcemia and hyperphos-
phatemia. The symptoms are mainly caused by increased neuro-
muscular excitability from the reduced level of free plasma Ca..
In the complete absence of PTH, death is imminent. With a
relative deficiency of PTH, milder symptoms of increased neu-
romuscular excitability become evident. Muscle cramps and
twitches occur from spontaneous activity in the motor nerves,
whereas tingling and pins-and-needles sensations result from
spontaneous activity in the sensory nerves. Mental changes in-
clude irritability and paranoia.

VITAMIN D DEFICIENCY The major consequence of vitamin D
deficiency is impaired intestinal absorption of Ca:. In the face
of reduced Ca:uptake, PTH maintains the plasma Ca:level at

https://translate.googleusercontent.com/translate_f

Plasma PO+

3

the expense of the bones.
As a result, the bone ma-
trix is not properly miner-
alized, because Ca: salts
are not available for depo-
sition. The demineralized
bones become soft and
deformed, bowing under
the pressures of weight
bearing, especially in chil-
dren. This condition is
known as rickets in chil-
dren and osteomalacia in
adults (» Figure 19-29).

« FIGURE 19-29 Rickets.

The Peripheral Endocrine Glands
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Chapter in Perspective:
Focus on Homeostasis

A number of peripherally located endocrine glands play key
roles in maintaining homeostasis, primarily by means of their
regulatory influences over the rate of various metabolic reac-
tions and over electrolyte balance. These endocrine glands all
secrete hormones in response to specific stimuli. The hor-
mones, in turn, exert effects that act in negative-feedback
fashion to resist the change that induced their secretion, thus
maintaining stability in the internal environment. The specific
contributions of the peripheral endocrine glands to homeosta-

sis include the following:

= Two closely related hormones secreted by the thyroid
gland, tetraiodothyronine (T) and tri-iodothyronine (Ts), in-
crease the overall metabolic rate. Not only does this action in-
fluence the rate at which cells use nutrient molecules and Oz
within the internal environment, but it also produces heat,
which helps maintain body temperature.

= The adrenal cortex secretes three classes of hormones. Al-
dosterone, the primary mineralocorticoid, is essential for Na
and K balance. Because of Na ’s osmotic effect, Na balance

is critical to maintaining the proper ECF volume and arterial
blood pressure. This action is essential for life. Without aldoste-
rone’s Na - and HO-conserving effect, so much plasma vol-
ume would be lost in the urine that death would quickly en-
sue. Maintaining K balance is essential for homeostasis
because changes in extracellular K profoundly impact neuro-
muscular excitability, jeopardizing normal heart function,

among other detrimental effects.

REVIEW EXERCISES

Objective Questions (Answers on p. A-55)

. The response to thyroid hormone is detectable within a
few minutes after its secretion. (True or false?)

S}

. “Male” sex hormones are produced in both males and fe-

males by the adrenal cortex. (True or false?)

b

Adrenal androgen hypersecretion is caused by a deficit of
an enzyme crucial to cortisol synthesis. (True or false?)

Eal

Excess glucose and amino acids as well as fatty acids can
be stored as triglycerides. (True or false?)

v

. Insulin is the only hormone that can lower blood glucose
levels. (True or false?)

)

The most life-threatening consequence of hypocalcemia is

reduced blood clotting. (True or false?)

=

. All ingested Ca:is indiscriminately absorbed in the intes-
tine. (True or false?)

*x

The Cas(POs):bone crystals form a labile pool from which
Cax can rapidly be extracted under the influence of PTH.
(True or false?)

738 Chapter 19

15. Which of the following are characteristic of the postab-
sorptive state? (Indicate all that apply.)

a. glycogenolysis f. triglyceride synthesis

b. gluconeogenesis g. protein degradation

c. lipolysis h. increased insulin secretion
d. glycogenesis i. increased glucagon secretion
e. protein synthesis j. glucose sparing

Essay Questions

1. Describe the steps of thyroid hormone synthesis.

2. What are the effects of T:and T4? Which is the more po-
tent? What is the source of most circulating T5?

3. Describe the regulation of thyroid hormone.

4. Discuss the causes and symptoms of both hypothyroidism
and hyperthyroidism. For each cause, indicate whether or

not a goiter occurs, and explain why.

5. What hormones are secreted by the adrenal cortex? What
are the functions and control of each of these hormones?

https://translate.googleusercontent.com/translate_f
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= ﬁ%‘é‘g‘m@ Primary glucocorticoid secreted by the adre-
nal cortex, increases the plasma concentrations of glucose,
fatty acids, and amino acids above normal. Although these ac-
tions destabilize the concentrations of these molecules in the
internal environment, they indirectly contribute to homeosta-
sis by making the molecules readily available as energy sources
or building blocks for tissue repair to help the body adapt to

stressful situations.

=  The sex hormones secreted by the adrenal cortex do not

contribute to homeostasis.

= The major hormone secreted by the adrenal medulla, epi-
nephrine, generally reinforces activities of the sympathetic ner-
vous system. It contributes to homeostasis directly by its role
in blood pressure regulation. Epinephrine also contributes to
homeostasis indirectly by helping prepare the body for peak
physical responsiveness in fight-or-flight situations. This in-
cludes increasing the plasma concentrations of glucose and
fatty acids above normal, which provides additional energy

sources for increased physical activity.

= The two major hormones secreted by the endocrine pan-
creas, insulin and glucagon, are important in shifting meta-
bolic pathways between the absorptive and postabsorptive
states, which maintains the appropriate plasma levels of nutri-
ent molecules.

= Parathyroid hormone from the parathyroid glands is critical
to maintaining plasma concentration of Ca.. PTH is essential

for life because of Cax’s effect on neuromuscular excitability. In
the absence of PTH, death rapidly occurs from asphyxiation

caused by pronounced spasms of the respiratory muscles.

9. The lumen of the thyroid follicle is filled with , the
chief constituent of which is a large protein molecule
known as

10. is the conversion of glucose into glycogen. is
the conversion of glycogen into glucose. is the con-

version of amino acids into glucose.

11. The three major tissues that do not depend on insulin for
their glucose uptake are s , and

12. The three compartments with which ECF Cazis ex-

changed are N , and .
13. Among the bone cells, are bone builders, are
bone dissolvers, and are entombed.

14. Which of the following hormones does not exert a direct
metabolic effect?
a. epinephrine d. cortisol
b. growth hormone e. thyroid hormone
c. aldosterone

8. Define stress. Describe the neural and hormonal responses
to a stressor.

9. Define fiel boli: bolism, and b

10. Indicate the primary circulating form and storage form of

each of the three classes of organic nutrients.

11. Distinguish between the absorptive and postabsorptive
states with regard to the handling of nutrient molecules.

12. Name the two major cell types of the islets of Langerhans,
and indicate the hormonal product of each.

13. Compare the functions and control of insulin secretion
with those of glucagon secretion.

14. What are the consequences of diabetes mellitus? Distin-

guish between Type 1 and Type 2 diabetes mellitus.
15. Why must plasma Ca: be closely regulated?
16. Explain how osteoblasts influence osteoclast function.

17. Discuss the contributions of parathyroid hormone, calcito-

nin, and vitamin D to Ca> metabolism. Describe the
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6. Discuss the causes and symptoms of each type of adreno-
cortical dysfunction.

7. What is the relationship of the adrenal medulla to the
sympathetic nervous system? What are the functions of

epinephrine? How is epinephrine release controlled?

POINTS TO PONDER

(Explanations on p. A-55)

1. Iodine is naturally present in salt water and is abundant in
soil along coastal regions. Fish and shellfish living in the
ocean and plants grown in coastal soil take up iodine
from their environment. Fresh water does not contain io-
dine, and the soil becomes more iron poor the farther in-
land it is. Knowing this, explain why the midwestern
United States was once known as an endemic goiter belt.
Why is this region no longer an endemic goiter belt even
though the soil is still iodine poor?

2. Why do doctors recommend that people who are allergic
to bee stings and thus are at risk for anaphylactic shock
(see p. 453) carry a vial of epinephrine for immediate in-
jection in case of a sting?

3. Why would an infection tend to raise the blood glucose
level of a diabetic individual?

4. Tapping the facial nerve at the angle of the jaw in a pa-
tient with moderate hyposecretion of a particular hor-

CLINICAL CONSIDERATION

(Explanation on p. A-56)

Najma G. sought medical attention after her menstrual peri-
ods ceased and she started growing excessive facial hair. Also,
she had been thirstier than usual and urinated more fre-
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source and control of each of these hormones.
18. Discuss the major disorders in Ca: metabolism.

Translating...

mone elicits a characteristic grimace on that side of the
face. What endocrine abnormality could give rise to this

so-called Chvostek’s sign?

5. Soon after a technique to measure plasma Ca:levels was
developed in the 1920s, physicians observed that hypercal-
cemia accompanied a broad range of cancers. Early re-
searchers proposed that malignancy-associated hypercalce-
mia arose from metastatic (see p. 447) tumor cells that
invaded and destroyed bone, releasing Ca:into the blood.
This conceptual framework was overturned when physicians
noted that hypercalcemia often appeared in the absence of
bone lesions. Furthermore, cancer patients often manifested
hypophosphatemia in addition to hypercalcemia. This find-
ing led investigators to suspect that the tumors might be
producing a PTH-like substance. Explain how they reached
this conclusion. In 1987, this substance was identified and
named parathyroid hormonerelated peptide (PTHrP),
which binds to and activates PTH receptors.

quently. A clinical evaluation revealed that Najma was hyper-
glycemic. Her physician told her that she had an endocrine
disorder dubbed “diabetes of bearded ladies.” What underly-
ing defect do you think is responsible for Najma’s condition?

The Peripheral Endocrine Glands

Homeostasis
The reproductive system does not
contribute to homeostasis but is
Body systems essential for perpetuation of the species.

maintain homeostasis

Homeostasis is
essential for

survival of cells

Cells

Cells make up

body systems
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Normal functioning of the reproductive system is not
aimed toward homeostasis and is not necessary for survival of
an individual, but it is essential for survival of the species. Only
Page 88
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Translating...

through reproduction can the complex genetic blueprint of
each species survive beyond the lives of individual members of

the species.

The Reproductive System
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CHAPTER
|

Uniqueness of the
Reproductive System

The central theme of this book has been the physiologic pro-
cesses aimed at maintaining homeostasis to ensure survival of
the individual. We are now going to disengage from this theme
to discuss the reproductive system, which serves primarily the
purpose of perpetuating the species.

system does not contribute to homeostasis
but exerts other important effects.

Even though the reproductive system does not contribute to
homeostasis and is not essential for survival of an individual, it
still plays an important role in a person’s life. For example, the
manner in which people relate as sexual beings contributes in
significant ways to psychosocial behavior and has important
influences on how people view themselves and how they interact
with others. Reproductive function also has a profound effect on
society. The universal organization of societies into family units
provides a stable environment that is conducive for perpetuating
our species. On the other hand, the population explosion and its
resultant drain on dwindling resources have led to worldwide
concern with the means by which reproduction can be limited.
Reproductive capability depends on intricate relationships
among the hypothalamus, anterior pituitary, reproductive organs,
and target cells of the sex hormones. These relationships employ
many of the regulatory mechanisms used by other body systems
for maintaining homeostasis, such as negative-feedback control.
In addition to these basic biological processes, sexual behavior and
attitudes are deeply influenced by emotional factors and the socio-
cultural mores of the society in which the individual lives. We will
concentrate on the basic sexual and reproductive functions that
are under nervous and hormonal control and will not examine the
psychological and social ramifications of sexual behavior.

The reproductive system includes the gonads,
reproductive tract, and accessory sex glands,
all of which are different in males and females.

Reproduction depends on the union of male and female gam-
etes (reproductive, or germ, cells), each with a half set of
chromosomes, to form a new individual with a full, unique set
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of chromosomes. Unlike the other body systems, which are es-
sentially identical in the two sexes, the reproductive systems of
males and females are markedly different, befitting their differ-
ent roles in the reproductive process. The male and female re-
productive systems are designed to enable union of genetic
material from the two sexual partners, and the female system is
equipped to house and nourish the offspring to the develop-
mental point at which it can survive independently in the exter-
nal environment.

The primary reproductive organs, or gonads, consist of a
pair of testes in the male and a pair of ovaries in the female. In
both sexes, the mature gonads perform the dual function of

£

(1) producing gametes (gametog is), that is, sper
(sperm) in the male and ova (eggs) in the female; and (2) se-
creting sex hormones, specifically, testosterone in males and
estrogen and progesterone in females.

In addition to the gonads, the reproductive system in each
sex includes a reproductive tract encompassing a system of
ducts that are specialized to transport or house the gametes af-
ter they are produced, plus accessory sex glands that empty
their supportive secretions into these passageways. In females,
the breasts are also considered accessory reproductive organs.
The externally visible portions of the reproductive system are
known as external genitalia.

SECONDARY SEXUAL CHARACTERISTICS The secondary sexual
characteristics are the many external characteristics not di-
rectly involved in reproduction that distinguish males and fe-
males, such as body configuration and hair distribution. In
humans, for example, males have broader shoulders, whereas
females have curvier hips; and males have beards, whereas fe-
males do not. Testosterone in the male and estrogen in the fe-
male govern the development and maintenance of these charac-
teristics. Progesterone has no influence on secondary sexual
characteristics. Even though growth of axillary and pubic hair
at puberty is promoted in both sexes by androgens—testosterone
in males and adrenocortical dehydroepiandrosterone in females
(see p. 702)—this hair growth is not a secondary sexual charac-
teristic, because both sexes display this feature. Thus, testoster-
one and estrogen alone govern the nonreproductive distin-
guishing features.

In some species, the secondary sexual characteristics are of
great importance in courting and mating behavior; for example,
the rooster’s headdress or comb attracts the female’s attention,
and the stag’s antlers are useful to ward off other males. In hu-
mans, the differentiating marks between males and females do
serve to attract the opposite sex, but attraction is also strongly
influenced by the complexities of human society and cultural
behavior.

OVERVIEW OF MALE REPRODUCTIVE FUNCTIONS AND ORGANS
The essential reproductive functions of the male are as follows:
1. Production of sperm (spermatogenesis)

2. Delivery of sperm to the female

The sperm-producing organs, the testes, are suspended out-
side the abdominal cavity in a skin-covered sac, the scrotum,
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which lies within the angle between the legs. The male reproduc-
tive-g?srl]&lﬁqggiésigned to deliver sperm to the female reproduc-
tive tract in a liquid vehicle, semen, which is conducive to sperm
viability. The major male accessory sex glands, whose secretions
provide the bulk of the semen, are the seminal vesicles, prostate
gland, and bulbourethral glands (« Figure 20-1). The penis is the
organ used to deposit semen in the female. Sperm exit each testis
through the male reproductive tract, consisting on each side of
an epididymis, ductus (vas) deferens, and ejaculatory duct. These
pairs of reproductive tubes empty into a single urethra, the canal
that runs the length of the penis and empties to the exterior.
These parts of the male reproductive system are described more
thoroughly later when their functions are discussed.

OVERVIEW OF FEMALE REPRODUCTIVE FUNCTIONS AND
ORGANS The female’s role in reproduction is more complicated
than the male’s. The essential female reproductive functions
include the following:

1. Production of ova (oogenesis)
2. Reception of sperm

3. Transport of the sperm and ovum to a common site for
union (fertilization, or conception)

4. Maintenance of the developing fetus until it can survive in the
outside world (gestation, or pregnancy), including formation of
the placenta, the organ of exchange between mother and fetus

5. Giving birth to the baby (parturition)

6. Nourishing the infant after birth by milk production
(lactation)

The product of fertilization is known as an embryo during
the first two months of intrauterine development when tissue
differentiation is taking place. Beyond this time, the developing
living being is recognizable as human and is known as a fetus
during the remainder of gestation. Although no further tissue
differentiation takes place during fetal life, it is a time of tre-
mendous tissue growth and maturation.

The ovaries and female reproductive tract lie within the
pelvic cavity (e Figure 20-2a and b). The female reproductive
tract consists of the following components. Two oviducts
(uterine, or Fallopian tubes), which are in close association
with the two ovaries, pick up ova on ovulation (ovum release
from an ovary) and serve as the site for fertilization. The thick-
walled, hollow uterus is primarily responsible for maintaining
the fetus during its development and expelling it at the end of
pregnancy. The vagina is a muscular, expandable tube that con-
nects the uterus to the external environment. The lowest por-
tion of the uterus, the cervix, projects into the vagina and con-
tains a single, small opening, the cervical canal. Sperm are
deposited in the vagina by the penis during sexual intercourse.
The cervical canal serves as a pathway for sperm through the
uterus to the site of fertilization in the oviduct and, when
greatly dilated during parturition, serves as the passageway for
delivery of the baby from the uterus.

The vaginal opening is located in the perineal region be-
tween the urethral opening anteriorly and the anal opening
posteriorly (« Figure 20-2c). It is partially covered by a thin
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(a) The pelvis in sagittal section

o FIGURE 20-1 The male reproductive system.

mucous membrane, the hymen, which typically is physically
disrupted by the first sexual intercourse. The vaginal and ure-
thral openings are surrounded laterally by two pairs of skin
folds, the labia minora and labia majora. The smaller labia
minora are located medially to the more prominent labia ma-
jora. The externally visible part of the clitoris, an erotic struc-
ture composed of tissue similar to that of the penis, lies at the
anterior end of the folds of the labia minora. The female exter-
nal genitalia are collectively referred to as the vulva.

Reproductive cells each contain a half set
of chromosomes.

The DNA molecules that carry the cell’s genetic code are not ran-
domly crammed into the nucleus but are precisely organized into
chromosomes (see p. A-19). Each chromosome consists of a dif-
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ferent DNA molecule that contains a unique set of genes. Somatic
(body) cells contain 46 chromosomes (the diploid number),
which can be sorted into 23 pairs on the basis of various distin-
guishing features. Chromosomes composing a matched pair are

1
t]

having been derived from the individual’s maternal parent and the
other member from the paternal parent. Gametes (that is, sperm
and eggs) contain only one member of each homologous pair for
a total of 23 chromosomes (the haploid number).

termed h chr one member of each pair

Gametogenesis is accomplished by meiosis,
resulting in genetically unique sperm and ova.

Most cells in the human body have the ability to reproduce
themselves, a process important in growth, replacement, and
repair of tissues. Cell division involves two components: division
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o FIGURE 20-2 The female reproductive system.
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of the nucleus and division of the cytoplasm. Nuclear division
in somatic cells is accomplished by mitosis. In mitosis, the
chromosomes replicate (make duplicate copies of themselves);
then the identical chromosomes are separated so that a com-
plete set of genetic information (that is, a diploid number of
chromosomes) is distributed to each of the two new daughter
cells. Nuclear division in the specialized case of gametes is ac-
complished by meiosis, in which only a half set of genetic infor-
mation (that is, a haploid number of chromosomes) is distrib-
uted to each of four new daughter cells (see p. A-30).

During meiosis, a specialized diploid germ cell undergoes
one chromosome replication followed by two nuclear divisions.
In the first meiotic division, the replicated chromosomes do not
separate into two individual, identical chromosomes but re-
main joined. The doubled chromosomes sort themselves into
homologous pairs, and the pairs separate so that each of two
daughter cells receives a half set of doubled chromosomes. Dur-
ing the second meiotic division, the doubled chromosomes
within each of the two daughter cells separate and are distrib-
uted into two cells, yielding four daughter cells, each containing
a half set of chromosomes, a single member of each pair. Dur-
ing this process, the maternally and paternally derived chromo-
somes of each homologous pair are distributed to the daughter
cells in random assortments containing one member of each
chromosome pair without regard for its original derivation.

That is, not all of the mother-derived chromosomes go to one
daughter cell and the father-derived chromosomes to the other
cell. More than 8 million (223) different mixtures of the 23 pa-
ternal and maternal chromosomes are possible. This genetic
mixing provides novel combinations of chromosomes. Crossing-
over contributes even further to genetic diversity. Crossing-over
refers to the physical exchange of chromosome material be-
tween the homologous pairs prior to their separation during the
first meiotic division (see p. A-31).

Thus, sperm and ova each have a unique haploid number of
chromosomes. When fertilization takes place, a sperm and
ovum fuse to form the start of a new individual with 46 chro-
mosomes, one member of each chromosomal pair having been
inherited from the mother and the other member from the fa-
ther (e Figure 20-3).

The sex of an individual is determined
by _the combination of sex chromosomes.

‘Whether individuals are destined to be males or females is a
genetic phenomenon determined by the sex chromosomes they
possess. As the 23 chromosome pairs are separated during
meiosis, each sperm or ovum receives only one member of each
chromosome pair. Of the chromosome pairs, 22 are autosomal
chromosomes that code for general human characteristics as
well as for specific traits such as eye color. The remaining pair
of chromosomes consists of the sex chromosomes, of which
there are two genetically different types—a larger X chromo-
some and a smaller Y chromosome.

Sex determination depends on the combination of sex
chromosomes: Genetic males have both an X and a Y sex chro-
mosome; genetic females have two X sex chromosomes. Thus,
the genetic difference responsible for all the anatomic and func-
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« FIGURE 20-3 Chromosomal distribution in sexual repro-

duction.

tional distinctions between males and females is the single Y
chromosome. Males have it; females do not.

As a result of meiosis during gametogenesis, all chromo-
some pairs are separated so that each daughter cell contains
only one member of each pair, including the sex chromosome
pair. When the XY sex chromosome pair separates during
sperm formation, half the sperm receive an X chromosome and
the other half a Y chromosome. In contrast, during oogenesis,
every ovum receives an X chromosome because separation of
the XX sex chromosome pair yields only X chromosomes. Dur-
ing fertilization, combination of an X-bearing sperm with an
X-bearing ovum produces a genetic female, XX, whereas union
of a Y-bearing sperm with an X-bearing ovum results in a ge-
netic male, XY. Thus, genetic sex is determined at the time of
conception and depends on which type of sex chromosome is
contained within the fertilizing sperm.

Sexual differentiation along male or female
lines depends on the presence or absence
of masculinizing determinants.

Differences between males and females exist at three levels: ge-
netic, gonadal, and phenotypic (anatomic) sex (s Figure 20-4).
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GENETIC AND GONADAL SEX Genetic sex, which depends on
the combination of sex chromosomes at the time of conception,
in turn determines gonadal sex, that is, whether testes or ova-
ries develop. The presence or absence of a Y chromosome deter-
mines gonadal differentiation. For the first month and a half of
gestation, all embryos have the potential to differentiate along
either male or female lines because the developing reproductive
tissues of both sexes are identical and indifferent. Gonadal
specificity appears during the seventh week of intrauterine life
when the indifferent gonadal tissue of a genetic male begins to
differentiate into testes under the influence of the sex-
determining region of the Y chromosome (SRY), the single
gene responsible for sex determination. This gene triggers a
chain of reactions that leads to physical development of a male.
SRY “masculinizes” the gonads by coding for production of
testis-determining factor (TDF) (also known as SRY protein)
within primitive gonadal cells. TDF directs a series of events
that leads to differentiation of the gonads into testes.

Because genetic females lack the SRY gene and conse-
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and more or less completely covers the glans penis. In females,
the urethral folds and genital swellings do not fuse at midline
but develop instead into the labia minora and labia majora,
respectively. The urethral groove remains open, providing ac-
cess to the interior through both the urethral opening and the
vaginal opening.

SEXUAL DIFFERENTIATION OF THE REPRODUCTIVE TRACT Al-
though the male and female external genitalia develop from the
same undifferentiated embryonic tissue, this is not the case with
the reproductive tracts. Two primitive duct systems—the
Wolftian ducts and the Miillerian ducts—develop in all em-
bryos. In males, the reproductive tract develops from the Wolff-
ian ducts and the Miillerian ducts degenerate, whereas in fe-
males the Miillerian ducts differentiate into the reproductive
tract and the Wolffian ducts regress (s Figure 20-6). Because
both duct systems are present before sexual differentiation oc-
curs, the early embryo has the potential to develop either a male
or a female reproductive tract.
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quently do not produce TDF, their gonadal cells never receive a
signal for testes formation, so by default during the ninth week

the undifferentiated gonadal tissue starts developing into ova-
ries instead.

PHENOTYPIC SEX Phenotypic sex, the apparent anatomic sex
of an individual, is hormonally mediated and depends on the
genetically determined gonadal sex. The term sexual differen-
tiation refers to the embryonic development of the external
genitalia and reproductive tract along either male or female
lines. As with the undifferentiated gonads, embryos of both
sexes have the potential to develop either male or female exter-
nal genitalia and reproductive tracts. Differentiation into a
male-type reproductive system is induced by androgens, which
are masculinizing hormones secreted by the developing testes.
Testosterone is the most potent androgen. The absence of these
testicular hormones in female fetuses results in the develop-
ment of a female-type reproductive system. By 10 to 12 weeks
of gestation, the sexes can easily be distinguished by the ana-
tomic appearance of the external genitalia.

SEXUAL DIFFERENTIATION OF THE EXTERNAL GENITALIA Male
and female external genitalia develop from the same embry-
onic tissue. In both sexes, the undifferentiated external geni-
tals consist of a genital tubercle, paired urethral folds sur-
rounding a urethral groove, and, more laterally, genital
(labioscrotal) swellings (s Figure 20-5). The genital tubercle
gives rise to exquisitely sensitive erotic tissue—in males the
glans penis (the cap at the distal end of the penis) and in fe-
males the glans clitoris. The major distinctions between the
glans penis and glans clitoris are the smaller size of the glans
clitoris and the penetration of the glans penis by the urethral
opening. The urethra is the tube through which urine is trans-
ported from the bladder to the outside and also serves in
males as a passageway for exit of semen through the penis to
the outside. In males, the urethral folds fuse around the ure-
thral groove to form the penis, which encircles the urethra.
The genital swellings similarly fuse to form the scrotum and
prepuce, a fold of skin that extends over the end of the penis

KEY At 7 weeks

Genital tubercle
Urethral folds

Genital swellings

(a) Undifferentiated genitalia

At 10 weeks

Developing penis

Urethral fold
(partially fused)

Genital
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Shaft of penis

Scrotum

Anus

(b) Male genitalia

o FIGURE 20-5 Sexual differentiation of the external genitalia.
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Development of the reproductive tract along male or female
lines is determined by the presence or absence of two hormones

secreted by two different cell types in the fetal testes—testosterone
produced by the newly developed Leydig cells and Miillerian-

Trahdhéting factor (also known as anti-Miillerian hormone), pro-
duced by the early Sertoli cells (see « Figure 20-4). A hormone
released by the placenta, human chorionic gonadotropin, is the
stimulus for this early testicular secretion. Testosterone induces
development of the Wolffian ducts into the male reproductive
tract (epididymis, ductus deferens, and seminal vesicles). This
hormone, after being converted into dihydrotestosterone
(DHT), is also responsible for differentiating the external genita-
lia into the penis and scrotum. Meanwhile, Miillerian-inhibiting
factor causes regression of the Miillerian ducts.

In the absence of testosterone and Miillerian-inhibiting fac-
tor in females, the Wolffian ducts regress, the Miillerian ducts
develop into the female reproductive tract (oviducts, uterus,
and upper part of vagina), and the external genitalia differenti-
ate into the clitoris and labia.

Note that the undifferentiated embryonic reproductive tis-
sue passively develops into a female structure unless actively
acted on by masculinizing factors. In the absence of male tes-
ticular hormones, a female reproductive tract and external
genitalia develop regardless of the genetic sex of the individual.
For feminization of the fetal genital tissue, ovaries do not even
need to be present. Such a control pattern for determining
sexual differentiation is appropriate, considering that fetuses of
both sexes are exposed to high concentrations of female sex
hormones throughout gestation. If female sex hormones influ-
enced the development of the reproductive tract and external
genitalia, all fetuses would be feminized.

ERRORS IN SEXUAL DIFFERENTIATION Genetic sex and

phenotypic sex are usually compatible; that is, a genetic

male anatomically appears to be a male and functions as
a male, and the same compatibility holds true for females. Oc-
casionally, however, discrepancies occur between genetic and
anatomic sexes because of errors in sexual differentiation, as the
following examples illustrate:
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ent anatomic female in a genetic male, who, of course, will be
sterile. Similarly, genetic males whose target cells lack recep-
tors for testosterone are feminized, even though their testes
secrete adequate testosterone (see p. 666, testicular feminiza-
tion syndrome).

*  Because testosterone acts on the Wolffian ducts to convert
them into a male reproductive tract but the testosterone deriva-
tive DHT is responsible for masculinization of the external
genitalia, a genetic deficiency of the enzyme that converts tes-
tosterone into DHT results in a genetic male with testes and a
male reproductive tract but with female external genitalia.

*  The adrenal gland normally secretes a weak androgen, de/y-
droepiandrosterone, in insufficient quantities to masculinize fe-
males. However, pathologically excessive secretion of this hor-

Human Physiology: From Cells to Systems, 7th ed.

Slasenimariss ditferndaion ol semadetiveiiast andzoq).
Sometimes these discrepancies between genetic sex and
apparent sex are not recognized until puberty, when the dis-
covdirapstatings.a psychologically traumatic gender identity
crisis. For example, a masculinized genetic female with ovaries
but with male-type external genitalia may be reared as a boy
until puberty, when breast enlargement (caused by estrogen
secretion by the awakening ovaries) and lack of beard growth
(caused by lack of testosterone secretion in the absence of tes-
tes) signal an apparent problem. Therefore, it is important to
diagnose any problems in sexual differentiation in infancy.
Once a sex has been assigned, it can be reinforced, if necessary,
with surgical and hormonal treatment so that psychosexual
development can proceed as normally as possible. Less dra-
matic cases of inappropriate sexual differentiation often appear

mone in a genetically female fetus during critical developmental
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« FIGURE 20-6 Sexual differentiation of the rep: ive tract.

Male Reproductive Physiology

In the embryo, the testes develop from the gonadal ridge located
at the rear of the abdominal cavity. In the last months of fetal life,
they begin a slow descent, passing out of the abdominal cavity
through the inguinal canal into the scrotum, one testis drop-
ping into each pocket of the scrotal sac. Testosterone from the
fetal testes induces descent of the testes into the scrotum.
After the testes descend into the scrotum, the opening in
the abdominal wall through which the inguinal canal passes
closes snugly around the sperm-carrying duct and blood vessels
that traverse between each testis and the abdominal cavity. In-
complete closure or rupture of this opening permits abdominal
viscera to slip through, resulting in an inguinal hernia.
Although the time varies somewhat, descent is usually com-
plete by the seventh month of gestation. As a result, descent is
complete in 98% of full-term baby boys.
However, in a substantial percentage of premature male
infants the testes are still within the inguinal canal at
birth. In most instances of retained testes, descent occurs
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naturally before puberty or can be encouraged

with administration of testosterone. Rarely, a tes-
tis remains undescended into adulthood, a condi-
tion known as cryptorchidism (“hidden testis™).

The scrotal location of the testes
provides a cooler environment
essential for spermatogenesis.

The temperature within the scrotum averages
several degrees Celsius less than normal body
(core) temperature. Descent of the testes into
this cooler environment is essential because
spermatogenesis is temperature sensitive and
cannot occur at normal body temperature.
Therefore, a cryptorchid is unable to produce
viable sperm.

The position of the scrotum in relation to the
abdominal cavity can be varied by a spinal reflex
mechanism that plays an important role in regu-
lating testicular temperature. Reflex contraction
of scrotal muscles on exposure to a cold envi-
ronment raises the scrotal sac to bring the testes
closer to the warmer abdomen. Conversely, re-
laxation of the muscles on exposure to heat
permits the scrotal sac to become more pendu-
lous, moving the testes farther from the warm
core of the body.

Oviduct

Degenerated
Wolffian
duct

The testicular Leydig cells secrete
masculinizing testosterone.

The testes perform the dual function of produc-
ing sperm and secreting testosterone. About
80% of the testicular mass consists of highly
coiled seminiferous tubules, within which sper-
matogenesis takes place. The endocrine cells that
produce testosterone—the Leydig, or intersti-
tial, cells—lie in the connective tissue (interstitial tissue) be-
tween the seminiferous tubules (s Figure 20-7b). Thus, the
portions of the testes that produce sperm and secrete testoster-
one are structurally and functionally distinct.

Testosterone is a steroid hormone derived from a choles-
terol precursor molecule, as are the female sex hormones, estro-
gen and progesterone (see « Figure 19-8, p. 699). Once pro-
duced, some of the testosterone is secreted into the blood,
where it is transported, primarily bound to plasma proteins, to
its target sites of action. A substantial portion of the newly syn-
thesized testosterone goes into the lumen of the seminiferous
tubules, where it plays an important role in sperm production.

To exert its effects, testosterone (and other androgens) bind
with androgen receptors in the cytoplasm of target cells. The
androgen-receptor complex moves to the nucleus, where it
binds with the androgen-response element on DNA, leading to
transcription of genes that direct synthesis of new proteins that
carry out the desired cellular response.

Most but not all of testosterone’s actions ultimately function
to ensure delivery of sperm to the female. The effects of testos-
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o FIGURE 20-7 Anatomy of testis
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(d) Relationship of Sertoli cells to developing sperm cells

(a) The semi-

niferous tubules are the sperm-producing portion of the testis. (b) The undifferentiated germ cells

(the spermatogonia) lie in the periphery of the tubule, and the differentiated spermatozoa are in

the lumen, with the various stages of sperm development in between. (¢) Note the presence of

the highly differentiated spermatozoa (recognizable by their tails) in the lumen of the seminifer-

ous tubules. (d) Relationship of the Sertoli cells to the developing sperm cells.

terone can be grouped into five categories: (1) effects on the
reproductive system before birth; (2) effects on sex-specific tis-
sues after birth; (3) other reproduction-related effects; (4) ef-
fects on secondary sexual characteristics; and (5) nonreproduc-
tive actions (A Table 20-1).
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EFFECTS ON THE REPRODUCTIVE SYSTEM BEFORE BIRTH Before

birth, testosterone secretion by the Leydig cells of the fetal testes
masculinizes the reproductive tract and external genitalia and
promotes descent of the testes into the scrotum, as already de-

scribed. After birth, testosterone secretion ceases, and the testes
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