
































The biosynthetic pathway includes eight steps, shown in Figure 44-2. The
first step is the rate-limiting condensation reaction between succinyl-CoA and
glycine to form � -aminolevulinic acid (ALA). This reaction is catalyzed by a
mitochondrial matrix enzyme, ALA synthase (ALAS), and requires the cofac-
tor pyridoxal phosphate.The ALAS protein is produced in the cytosol but
remains unfolded or inactive until it is directed to the mitochondrial matrix
where its N-terminal signaling sequence is cleaved. Additionally, this enzyme
catalyzes the primary regulatory step in heme biosynthesis and is negatively
regulated by any accumulation of free heme in the mitochondrial matrix. In the
next step of the pathway, ALA dehydratase catalyzes the asymmetric con-
densation of two molecules of ALA to form porphobilinogen (PBG). Through
the addition of water and the removal of four amino groups, PBG deaminase
produces the linear tetrapyrrole intermediate, hydroxymethylbilane (HMB)
from four molecules of PBG. At this point, HMB can close either in an
enzyme-independent manner to form uroporphyrinogen (URO) I, or in an
enzyme-dependent manner through uroporphyrinogen III cosynthase to
form uroporphyrinogen III, the intermediate that will ultimately lead to heme
formation. URO I and URO III differ in the order of the carboxymethyl and
carboxyethyl substituents around the tetrapyrrole ring. In the last cytosolic
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Figure 44-1. Structure of heme.



steps, uroporphyrinogen decarboxylase (UROD) recognizes either isomer
URO I or III and removes specific carboxyl groups leaving coproporphyrino-
gen I or III, respectively. Coproporphyrinogen oxidase (CPO) acts exclu-
sively on the type III isomer of coproporphyrinogen; after its substrate enters
the mitochondrion CPO catalyzes the conversion of COPRO III to protopor-
phyrinogen III. This intermediate is oxidized by protoporphyrinogen oxi-
dase (PPO) to form protoporphyrin IX. In the final step of heme synthesis, the
enzyme ferrochelatase inserts a ferrous iron into water-insoluble protopor-
phyrin IX. The excess protoporphyrin IX not converted to heme is removed via
biliary excretion into the intestine.
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Figure 44-2. Heme biosynthetic pathway involving (1) ALAS, (2) ALAD,
(3) PBGD, (4) UROS, (5) UROD, (6) CPO, (7) PPO, and (8) Ferrochelatase.
HMB = hydroxymethylbilane; CM = carboxymethyl; CE = carboxyethyl; M =
methyl; V = vinyl.



The porphyrias are a group of inherited disorders resulting from specific
enzymatic defects of the heme biosynthetic pathway. Figure 44-3 shows the
heme biosynthetic pathway and characteristics of porphyrias associated with
each step. A derangement in any of the involved enzymes can result in an over-
production or backlog of heme precursors prior to the deficient enzymatic
step. All of the intermediate compounds in this pathway are potentially toxic.
The disorders are divided into two broad groups, erythropoietic and hepatic
porphyrias, based on the primary source of precursor accumulation.
Furthermore, the porphyrias are also categorized based on the appearance of
distinctive acute or chronic symptoms. Pressure to overcome the metabolic
“roadblock” contributes to the rapid accumulation of precursors in acute
attacks. Early pathway intermediates, that is, ALA and PBG are associated
with acute neurovisceral symptoms, whereas later intermediates (which
undergo porphyrinogen-porphyrin conversions upon exposure to light) cause
skin photosensitivity through free-radial damage. The porphyrins can be
detected and identified by spectrofluorometry based on characteristic excita-
tion and emission wavelengths for each porphyrin. For example, serum uro-
porphyrin levels can be determined by detection at 615 nm after excitation at
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Figure 44-3. Heme biosynthetic pathway and characteristics associated with
specific enzyme-deficiency porphyrias. ADP = ALA dehydratase deficiency
porphyria; AIP = acute intermittent porphyria; CEP = congenital erythropoi-
etic porphyria; PCT = porphyria cutanea tarda; HEP = hepatoerythropoietic
porphyria; HCP = hereditary coproporphyria; VP = variegate porphyria;
EPP = erythropoietic protoporphyria.



395 nm to 398 nm, while protoporphyrin is detected at 626 nm. The excretion
pathway of the porphyrins is determined by their water solubility. The first
possible porphyrin byproduct of the heme biosynthetic pathway, uroporphyrin
is by far the most water-soluble, while protoporphyrin the least soluble.
Accordingly, uroporphyrin is excreted predominantly in urine, coproporphyrin
in urine and in bile, and protoporphyrin exclusively in bile.

In most cases, these disorders are inherited in an autosomal dominant man-
ner where the individual carries one normal allele and one loss-of-function
allele. Under normal circumstances, the wild type allele allows for expression
of enough functional enzymes to meet the individual’s requirement for heme
(symptom-free carriers). However certain environmental triggers for example,
drugs, alcohol, steroids, fasting, trauma, and/or high stress can increase this
demand beyond a level which can be compensated by the single functional
allele. Upon exposure to the trigger(s), patients with acute hepatic porphyrias
can shift from a compensated phase to a decompensated latent phase
(increased precursor production and excretion without symptoms) or to a clin-
ically manifest stage (marked by abdominal, peripheral neurologic, cardiovas-
cular, and psychiatric symptoms). 

Alcohol ingestion induces increased activity of ALAS significantly in the
liver and moderately in peripheral tissues. This effect is mediated by alleviat-
ing the negative regulation of ALAS by free heme. Mitochondrial concentra-
tions of free heme are diminished by increased heme utilization and/or
reduced activity of downstream pathway enzymes. In the liver, the demand for
heme is exacerbated by requirement for heme incorporation into alcohol-
eliminating cytochromes P450. Upon increased activity of ALAS, a genetic
defect in either ALAD or PBGD would cause the rapid accumulation of ALA
or both ALA and PBG, resulting in ALAD deficiency porphyria (very rare)
or acute intermittent porphyria, respectively. During an attack, excess ALA
and PBG produced in the liver are secreted into systemic circulation and are
later excreted in the urine. In circulation, these neurotoxic compounds have the
greatest effect on the autonomic and peripheral nervous systems resulting in
the peripheral neuropathy and neurovisceral symptoms, that is, abdominal
pain, nausea and vomiting, tachycardia, and hypertension.

Alternatively, patients with cutaneous porphyrias, for example, porphyria
cutanea tarda or hereditary coproporphyria, chronic symptoms develop as
a result of sun exposure (400 nm radiation). The excess porphyrins accumu-
lated in the skin can absorb light energy and transfer it to damaging chemical
reactions, such as peroxidation of membrane lipids. This manifests as thick-
ening of the dermal vessel walls leading to damage of the epidermal basement
membrane, excessive fragility, blistering, and scarring. In variegate por-
phyria, patients can present with neurovisceral symptoms (acute symptoms
are identical but often milder than those of AIP) and/or cutaneous symptoms.

Porphyrias are diagnosed after demonstration and biochemical identifica-
tion of the increased porphyrin precursor(s). Acute porphyrias are often mis-
diagnosed, and attacks can be fatal. The intravenous administration of heme or
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hematin can aid in reestablishing the negative regulation of ALAS during acute
attacks. With ALAS activity attenuated, the precursor backlog at the enzymatic
deficient step can begin to return to manageable levels, and the patient’s con-
dition can shift back to the compensated, symptom-free phase. After diagno-
sis of acute porphyria is confirmed, strict avoidance of environmental triggers
can prevent acute attacks. Most patients with acute porphyrias can lead a nor-
mal life; however, complications such as hypertension, chronic renal failure,
and hepatoma can become problematic.

COMPREHENSION QUESTIONS

For Questions 44-1 and 44-2 refer to the following case:

A 30-year-old white woman enters the emergency room complaining of nau-
sea, severe abdominal pain, and prolonged constipation. She appeared dis-
traught and was sweating. She described beginning an extremely low calorie
diet within the past 2 months in an attempt to lose weight. Physical examina-
tion determined rapid heart rate, moderate hypertension, and weakness in the
extremities. Also noted were mild dermatitis/blistering on her hands and scar-
ring on her face.

[44.1] You suspect porphyria. Which biochemical laboratory test(s) would be
sufficient to determine the type of porphyria?

A. Urinary ALA and PBG.
B. Urinary and fecal PBG and porphyrins.
C. Porphyrin spectrofluorometry (plasma scan).
D. None of the above is sufficient alone.

[44.2] Laboratory tests revealed elevated urinary PBG and coproporphyrin,
and plasma fluorescence emission at 626 nm. Which type of porphyria
does the patient have and what is the most likely biochemical
explanation?

A. Acute intermittent porphyria; PBGD heterozygous enzyme defi-
ciency causing PBG backlog.

B. Porphyria cutanea tarda; UROD homozygous enzyme deficiency
causing uroporphyrin backlog.

C. Variegate porphyria; PPO heterozygous deficiency causing proto-
porphyrin IX backlog.

D. Variegate porphyria; PPO homozygous deficiency causing proto-
porphyrin IX backlog.
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[44.3] The second enzyme in the heme pathway, ALAD, is very sensitive to
inhibition by heavy metals, for example, lead. Which of the following
test results would distinguish lead-based poisoning from acute inter-
mittent porphyria?

A. Decreased serum and urinary ALA and PBG
B. Increased serum and urinary ALA and PBG
C. Increased serum and urinary ALA, decreased serum and urinary

PBG
D. Decreased serum and urinary ALA, increased serum and urinary

PBG

Answers

[44.1] C. Given the patient’s symptoms, neurologic and cutaneous, the main
porphyrias to consider are hereditary coproporphyria and variegate
porphyria. Both HCP and VP show elevated ALA and PBG during
acute attacks, so urine and serum tests for these molecules would not
distinguish. Similarly both disorders show coproporphyrin in stool.
In this case, only a spectrofluorometric assay to distinguish between
coproporphyrin and protoporphyrin in plasma would be sufficient.

[44.2] C. Variegate porphyria patients present with the same, but generally
milder, symptoms as AIP. The emission wavelength at 626 nm is
characteristic of protoporphyrin IX; the compound is responsible for
the skin sensitivity not observed in AIP. PCT can also be ruled out
because the characteristic fluorescence emission for uroporphyrin is
615 nm. Homozygous deletion of PPO is unlikely because the
patient’s symptoms were triggered by stress in the form of caloric
restriction. Patients with homozygous deficiency in the heme synthe-
sis enzymes show early onset and more severe symptoms.

[44.3] C. An increase in urine/serum ALA without concomitant increase in
PBG indicates disrupted activity of ALA dehydratase. ALA alone can
cause the same neurovisceral symptoms as ALA and PBG together
cause in AIP. ALAD-deficiency porphyria is an extremely rare auto-
somal recessive disorder.
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BIOCHEMISTRY PEARLS

❖ The porphyrias are a group of inherited disorders resulting from spe-
cific enzymatic defects of the heme biosynthetic pathway. 

❖ The major types of porphyria are each caused by mutations in one
of the genes required for heme production. 

❖ The first step in heme formation is the rate-limiting condensation reac-
tion between succinyl-CoA and glycine to form δ-aminolevulinic
acid (ALA). This reaction is catalyzed by a mitochondrial matrix
enzyme, ALA synthase (ALAS).

❖ Forms of porphyria include ALAS deficiency porphyria, acute inter-
mittent porphyria, congenital erythropoietic porphyria, erythro-
poietic protoporphyria, hepatoerythropoietic porphyria, hereditary
coproporphyria, porphyria cutanea tarda, and variegate porphyria.
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❖ CASE 45

A 65-year-old female presents to the clinic feeling tired and fatigued all the

time. She has also noticed an increasing problem with constipation despite

adequate fiber intake. She is frequently cold when others are hot. Her skin has

become dry, and she has noticed a swelling sensation in her neck area. On

examination she is afebrile with a pulse of 60 beats per minute. She is in no

acute distress and appears in good health. She has an enlarged, nontender thy-

roid noted on her neck. Her reflexes are diminished, and her skin is dry to the

touch.

◆ What is the most likely diagnosis?

◆ What laboratory test would you need to confirm the diagnosis?

◆ What is the treatment of choice?



ANSWERS TO CASE 45: HYPOTHYROIDISM

Summary: A 65-year-old female presents with weakness, fatigue, cold intoler-
ance, constipation, dry skin, and goiter.

◆ Diagnosis: Hypothyroidism

◆ Laboratory tests: TSH and free T4

◆ Treatment: Thyroid hormone replacement with levothyroxine

CLINICAL CORRELATION

Hypothyroidism is quite common in older adults and may present with an
indolent course, or it may induce dramatic mental changes such as coma or
pericardial effusion with tamponade. The most common etiology is primary
hypothyroidism, or failure of the thyroid gland to manufacture and release suf-
ficient thyroid hormone. The diagnosis is established by an elevated thyroid-
stimulating hormone (TSH). The treatment is by thyroxine replacement.

APPROACH TO THYROID GLAND

Objectives

1. Be familiar with thyroid hormone metabolism.
2. Know about the regulation of thyroid hormones.
3. Understand the role of iodine on synthesis of thyroid hormone.

Definitions

Graves disease: An autoimmune disorder in which antibodies overstimu-
late the production of thyroid hormones leading to a condition of hyper-
thyroidism, or elevated thyroid hormone synthesis and secretion.

Hashimoto thyroiditis: An autoimmune disorder in which the thyroid
gland is destroyed by the action of antibodies leading to a condition of
hypothyroidism, or decreased thyroid hormone synthesis and secretion.

Thyroid response elements: TRE; A domain on deoxyribonucleic acid
(DNA) that will bind the complex formed by thyroid hormone binding
to the thyroid hormone receptor. When the complex binds to the TRE,
which are located in the promoter region of the DNA, it activates tran-
scription of the gene. When thyroid hormone is not bound to the recep-
tor the receptor acts as a transcription repressor.

Thyroxine: T4; a thyroid hormone derived from the amino acid tyrosine
that contains four iodine atoms per molecule.
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TRH: Thyrotropin-releasing hormone; a tripeptide hormone that is
released by the hypothalamus and that acts on the anterior pituitary to
stimulate the release of thyroid-stimulating hormone.

Triiodothyronine: T3; a thyroid hormone derived from the amino acid
tyrosine that contains three iodine atoms per molecule.

TSH: Thyroid-stimulating hormone or thyrotropin; a glycoprotein hor-
mone released from the anterior pituitary in response to increased levels
of TRH. TSH binds to TSH receptors on the basal membrane of epithe-
lial cells of the thyroid gland to stimulate the release of the thyroid hor-
mones, T3 and T4.

DISCUSSION

The major circulating forms of thyroid hormone are thyroxine (T4),
containing four iodine atoms per molecule, and triiodothyronine (T3),
with three iodine atoms per molecule (Figure 45-1). Of these, T3 is eightfold
more active. These are synthesized in the thyroid gland after stimulation by
thyroid-stimulating hormone (TSH). TSH binds a G protein–coupled recep-
tor to activate adenylate cyclase and trigger a signaling cascade leading to
thyroid hormone biosynthesis. TSH is released from the pituitary in response
to negative feedback by circulating levels of thyroid hormone as well as regu-
lation by circulating levels of thyrotropin-releasing hormone (TRH), a tripep-
tide synthesized in the hypothalamus.

Thyroid hormones are the only major biochemical species known to
incorporate iodine. In fact, in third-world countries, iodine deficiency is
the major cause of hypothyroidism (deficiency of thyroid hormones). Iodine
deficiency is characterized by the development of a goiter, representing
enlargement of the thyroid gland. In the developed world, where iodine defi-
ciency is rare because of the use of iodized salt, autoimmune disorders are
a leading cause of thyroid disease. These are characterized by the presence
of antibodies in the blood that either stimulate or damage the thyroid gland.
The most common examples are Graves disease, characterized by antibody
overstimulation of thyroid hormone production, and Hashimoto thyroiditis,
leading to autoimmune destruction of the thyroid gland. In addition, inherited
human disorders resulting in mutations in the thyroid hormone receptor abol-
ishing hormone binding have been reported. These individuals exhibit symp-
toms of hypothyroidism as well as a high incidence of attention-deficit
disorder. This trait is genetically dominant, indicating that the mutant recep-
tors act in a dominant negative manner.

Thyroid hormone biosynthesis (Figure 45-2) involves the concentrative
uptake of iodide into thyroid cells where it is converted into iodine by thyroid
peroxidase in the colloid space of the follicular lumen. Iodine is incorporated
into tyrosine residues of thyroglobulin contained within the colloid space at
the basal surface of the thyroid follicular cell. Tyrosine residues are iodinated
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at either one or two sites, and then these residues are coupled to generate either
T3 or T4 residues within thyroglobulin. The iodinated thyroglobulin is then
taken up from the extracellular matrix into the cytoplasm of the thyroid cell
where lysosomal proteases cleave T3 and T4 from thyroglobulin. The hor-
mones are then carried in the blood bound primarily to thyroid-binding glob-
ulin. T4 is converted to T3 in the liver and to a lesser extent other tissues,
accounting for 80 percent of circulating T3.

Thyroid hormones stimulate protein synthesis in most cells of the body.
They also stimulate oxygen consumption by increasing the levels of the Na+,
K+-ATPase ion transporter. The generation of plasma membrane Na+ and
K+gradients by the Na+, K+-ATPase is a major consumer of cellular adenosine
triphosphate (ATP), leading to stimulation of ATP synthesis in the mitochondria

412 CASE FILES: BIOCHEMISTRY

Figure 45-1. Structures of the thyroid hormones thyroxine (T4) and tri-
iodothyronine (T3). Also shown are the intermediates monoiodotyrosine (MIT)
and diiodotyrosine (DIT) that are also formed on thyroglobulin.



thus directly increasing mitochondrial energy metabolism. By this means, thy-
roid hormones aid the conversion of food into energy and heat. In all of its
known actions, thyroid hormone exerts its effects by interaction with its recep-
tor in the cell nucleus and activation of transcription of the target genes.

Thyroid hormone receptors are members of a large nuclear receptor super-
family that includes receptors for steroid hormones, vitamin D3, and retinoic
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Figure 45-2. Biosynthesis of the thyroid hormones T3 and T4 in the thyroid
follicular cell and release into the bloodstream. Abbreviations are as follows:
TG, thyroglobulin; MIT, monoiodotyrosine; DIT, diiodotyrosine; T3, tri-
iodothyronine; T4, thyroxine.



acid. Members of this receptor superfamily contain a DNA-binding domain
responsible for binding to hormone response elements contained within the
promoters of target genes. In addition, members of this superfamily contain
a region responsible for specific binding to the hormone or biologically active
agent. DNA-binding specificity is mediated by receptor sequence motifs
known as zinc fingers, owing to their chelation of one zinc ion per loop, or finger.
In the case of thyroid hormone, receptors bind thyroid response elements
(TREs). Thyroid-hormone receptors can bind TREs as monomers, as homod-
imers, or as heterodimers with the retinoid X receptor, another member of this
superfamily. The latter exhibits the highest DNA-binding affinity and is the
major functional form of the receptor.

In essence, these receptors serve as hormone-activated transcription
factors that directly regulate transcription of messenger ribonucleic acid
(mRNA) from target genes. In contrast to other members of this superfamily,
thyroid hormone receptors bind their sites on the promoter regions of DNA in
the absence of bound hormone, usually resulting in transcriptional repression.
Binding of thyroid hormone triggers a conformational change in the
receptor, converting it to a transcriptional activator. In this state, it is com-
petent to bind a group of coactivator proteins including histone transacetylase,
an activity that serves to create a more open configuration on adjacent chro-
matin. Mammalian thyroid receptors are encoded by two different genes, each
of which can be alternatively spliced, yielding four different receptor isoforms.
These isoforms differ in their functional characteristics as well as their tissue-
specific and developmental stage–dependent expression, underscoring the
complexity of the multiple physiologic effects of thyroid hormones.

COMPREHENSION QUESTIONS

[45.1] A 25-year old female sought treatment for her constant fatigue,
lethargy, and depression. She was small in stature and had previously
been diagnosed with attention-deficit disorder. On physical examina-
tion she was found to have an enlarged thyroid gland (goiter). Blood
tests revealed elevated levels of T3, T4, and TSH, yet she did not exhibit
typical symptoms of hyperthyroidism. Which one of the following pos-
sibilities offers the most likely explanation of her symptoms?

A. Thyroid hormone overproduction because of a thyroid gland tumor
B. Hypersecretion of TSH because of a pituitary tumor
C. Genetic alteration in the thyroid receptor reducing its ability to

bind thyroid hormone
D. Mutation in the TSH receptor in the thyroid gland reducing its ability

to bind TSH
E. Iodide deficiency in the diet
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[45.2] In individuals with iodide deficiency, which one of the following is
most likely?

A. TSH levels are elevated and directly stimulate growth of the thy-
roid gland to a very large size.

B. Mono- and diiodinated thyroid hormone molecules are produced,
and elevated levels of these derivatives compensate for the
deficiency.

C. TSH levels are decreased, relieving their inhibitory effects on thy-
roid cell proliferation.

D. Synthesis of the Na+, K+-ATPase is increased.
E. Tissue utilization of oxygen is increased.

[45.3] In women taking thyroid hormone replacement pills, the dosage must
be adjusted if they start taking birth control pills. Which one of the fol-
lowing best explains this situation?

A. Thyroid hormones block the action of estrogens, so the estrogen
dose must be increased.

B. Estrogens block the action of thyroid hormones, so the dose of thy-
roid hormone must be increased.

C. Progestins block the action of thyroid hormone, so the dose of thy-
roid hormone must be increased.

D. Thyroid hormones stimulate the action of estrogens, so the estro-
gen dose must be decreased.

E. Estrogens stimulate the action of thyroid hormone, so the dose of
thyroid hormone must be decreased.

Answers

[45.1] C. The patient exhibits symptoms of hypothyroidism including goi-
ter, yet thyroid hormone levels are elevated. This pattern can only be
explained by resistance of target cells to thyroid hormone, for exam-
ple, a mutation of the receptor decreasing its binding affinity for hor-
mone. Iodide deficiency would lead to goiter but not increased
hormone levels.

[45.2] A. Elevation of TSH is the mechanism for goiter formation.
Decreased thyroid hormone levels reduce feedback inhibition of TSH
secretion by the pituitary. TSH secretion is therefore increased. TSH
acts as a growth factor for the thyroid gland, increasing its mass and
therefore its capacity to synthesize thyroid hormones.

[45.3] B. Estrogens partially block the action of thyroid hormones, making
them less effective.
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BIOCHEMISTRY PEARLS

❖ The major circulating forms of thyroid hormone are thyroxine (T4),
containing four iodine atoms per molecule, and triiodothyronine
(T3), with three iodine atoms per molecule.

❖ TSH binds a G protein–coupled receptor to activate adenylate
cyclase and trigger a signaling cascade leading to thyroid hor-
mone biosynthesis.

❖ In developed countries, where iodine deficiency is rare because of
the use of iodized salt, autoimmune disorders are a leading
cause of thyroid disease.

❖ Thyroid hormone receptors bind their sites on the promoter regions
of DNA in the absence of bound hormone, usually resulting in
transcriptional repression.

❖ Binding of thyroid hormone triggers a conformational change in
the receptor converting it to a transcriptional activator.
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❖ CASE 46

A 32-year-old male was seen in the emergency department yesterday after suf-

fering a concussion and head trauma from a motor vehicle accident. The

patient was stabilized in the emergency department and transferred to the

intensive care unit (ICU) for observation. The patient had computed tomogra-

phy (CT) scan of the head that revealed a small amount of cerebral edema but

was otherwise normal. During the second day in the ICU, the nurse informs

you that the patient has had a large amount of urine output in the last 24 hours.

The nursing records report his urine output over the last 24 hours was 6400 cc.

He has been given no diuretic medications. A urine osmolality was ordered

and was found to be low. His physician remarks that the kidneys are not con-

centrating urine normally.

◆ What is the most likely diagnosis for the increasing dilute urine
output?

◆ What is the biochemical mediator that is responsible for this
disorder?



ANSWERS TO CASE 46: DIABETES INSIPIDUS

Summary: A 32-year-old male who had suffered head trauma is in stable con-
dition in the ICU with increasing dilute urine output.

◆ Diagnosis: Diabetes insipidus.

◆ Biochemical mechanism: Absence of vasopressin leading to inability
to retain free water.

CLINICAL CORRELATION

Vasopressin is a hormone produced in the hypothalamus and stored in the pos-
terior pituitary gland. It is also called antidiuretic hormone, because its presence
stimulates water resorption in the distal renal tubule. Excess antidiuretic hor-
mone can lead to “water intoxication” and hyponatremia. In contrast, lack of
vasopressin leads to excess loss of free water and hypernatremia. The clinical
presentation is that of a patient who is excessively thirsty, having to drink large
amounts of water, and urinating large amounts of dilute urine. Head trauma is
one of the most common causes, particularly if the posterior pituitary stalk is
disrupted. Excessive water (psychogenic water drinking) may present similarly,
but these individuals will have normal decreased urine response to water
restriction, and during sleep. In contrast, patients with diabetes insipidus (DI)
will have excessive urinary loss even with water restriction and even during the
night. The treatment is administration of desmopressin acetate (DDAVP), a
synthetic analogue of AVP.

APPROACH TO VASOPRESSIN AND WATER BALANCE

Objectives

1. Understand the role of vasopressin and control of water metabolism.
2. Know the role of aldosterone in regulating salt and water balance.
3. Be aware of hormones that regulate salt and water balance (renin;

angiotensin I, II, III).

Definitions

Aldosterone: A mineralocorticoid hormone that is synthesized from cho-
lesterol in the adrenal cortex and released in response to angiotensin II
or III. It increases the ability of the kidney to absorb Na+, Cl−, and water
from the glomerular filtrate.

Angiotensin converting enzyme: An enzyme found primarily in the lung
(as well as the vascular epithelium and other tissues) that removes two
amino acids from angiotensin I to form angiotensin II.
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Angiotensinogen: α2-Globulin; a 14-amino acid peptide that circulates in
the plasma. It is cleaved by the protease renin to give the inactive
decapeptide angiotensin I. Angiotensin converting enzyme hydrolyzes
two amino acids from the C-terminus of angiotensin I to give the active
angiotensin II, which gives rise to angiotensin III by the action of an
aminopeptidase.

Diabetes insipidus: The chronic excretion of large quantities of very pale
urine of low specific gravity resulting in dehydration and extreme thirst.

Neurophysin: A protein that is secreted with oxytocin and vasopressin
from the posterior pituitary gland. Neurophysin binds to these two hor-
mones and stabilizes them.

Renin: A protease that is synthesized by the juxtaglomerular cells of the
kidney and secreted into the bloodstream in response to conditions of
hypovolemia and hyponatremia. It hydrolyzes circulating angiotensino-
gen to angiotensin I.

Vasopressin: Antidiuretic hormone; a nine-amino acid peptide that is syn-
thesized by the hypothalamus and controls resorption of water by distal
tubules of the kidney. It stimulates the insertion of water channels (aqua-
porins) into the apical membranes of kidney tubules.

DISCUSSION

Vasopressin (antidiuretic hormone) is a nonapeptide that controls resorp-
tion of water by distal tubules of the kidney to regulate the osmotic pressure
of blood. It functions to conserve body water by reducing the output of urine,
and thus it is known as an antidiuretic. Vasopressin is synthesized in the
supraoptic nucleus of the hypothalamus where it is bound to a neurophysin
protein carrier, packaged in granules, and delivered by intracellular transport to
nerve terminals in the posterior pituitary. Vasopressin bound to neurophysin is
released from the granules in response to increased extracellular osmolarity
sensed by hypothalamic osmoreceptors, signaling by atrial stretch receptors or
after a rise in angiotensin II levels. Its secretion is increased by dehydration
or stress and decreased after alcohol consumption.

Vasopressin promotes increased resorption of water in the renal distal
tubule by stimulating insertion of water channels or aquaporins into the
apical membranes of kidney tubules. Water is resorbed across the renal
epithelium into the blood leading to a decrease in plasma osmolarity and an
increase in the osmolarity of urine. In DI, this process is impaired, leading to
excessive urine production. In the absence of vasopressin, the kidney cannot
resorb water and it flows out as urine. This condition can arise from a defi-
ciency in vasopressin secretion from the posterior pituitary as a result of hypo-
thalamic tumors, injury (as in the case of this patient) or infection. Alternately,
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the condition may result from mutations in the vasopressin receptor or aqua-
porin genes or other diseases impairing renal response to vasopressin. When
injected in pharmacologic doses, vasopressin acts as a vasoconstrictor.

There are two major types of vasopressin receptors, V1 and V2. The V1
receptor occurs in vascular smooth muscle and is coupled via Gq to activation
of the phosphoinositide cascade-signaling system and generation of the second
messenger inositol trisphosphate (IP3) and diacylglycerol. V2 receptors are
found in kidney and are coupled via Gs to activation of adenylate cyclase and
production of the second messenger cyclic AMP.

The steroid hormone aldosterone, synthesized in the zona glomerulosa of
the adrenal cortex, also plays an important role in maintaining blood osmolar-
ity. It binds its receptors in the cytoplasm of epithelial cells of the distal colon
and the renal nephron, followed by translocation of the hormone-receptor
complex to the nucleus and activation of transcription of ion transport genes to
increase Na+ reabsorption and K+ secretion. Water follows Na+ movement by
osmosis. These transporters include the luminal amiloride-sensitive epithelial
Na+ channel, the luminal K+ channel, the serosal Na+, K+-ATPase, the
Na+/H+exchanger, and the Na+/Cl− cotransporter.

Vasopressin and aldosterone each act on the kidney to increase fluid reten-
tion and both are in turn regulated by angiotensin II. Renin is a proteolytic
enzyme that is released from the kidney in response to sympathetic neuron
stimulation, renal artery hypotension, or decreased Na+ delivery to renal distal
tubules. Renin cleaves circulating angiotensinogen to form the decapeptide
angiotensin I. Then angiotensin converting enzyme (ACE) found primarily in
lung removes two amino acids from angiotensin I to form the octapeptide
angiotensin II. In addition to other important targets in regulating blood vol-
ume, arterial pressure and cardiac and vascular function, angiotensin II stimu-
lates aldosterone release from the adrenal cortex and vasopressin release from
the posterior pituitary. The actions of angiotensin II are mediated by plasma
membrane seven-helix receptors coupled via Gq signaling by the phospho-
inositide pathway.
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COMPREHENSION QUESTIONS

For Questions 46.1 to 46.3 refer to the following case scenario:

Following brain surgery involving transsphenoidal removal of a pituitary ade-
noma, a patient experienced polyuria, polydipsia, and nocturia. These symp-
toms appeared shortly after the surgery and had never been observed
previously. Osmolarity of the urine was below normal, even if liquid consump-
tion was restricted. Administration of desmopressin alleviated these symptoms.

[46.1] Which of the following possibilities is the most likely hypothesis to
explain these symptoms?

A. Damage to the thirst mechanism from surgical trauma, leading to
excessive consumption of liquids

B. Damage to the pituitary or hypothalamus from surgical trauma,
leading to decreased secretion of vasopressin

C. Onset of diabetes mellitus following surgery
D. Renal injury
E. Oversecretion of angiotensin II following surgery

[46.2] Desmopressin acts mainly by which of the following mechanisms?

A. Stimulating aldosterone secretion by the adrenal gland
B. Increasing synthesis of Na+ transporters in kidney distal tubule
C. Increasing aquaporin insertion into renal distal tubule apical

membranes
D. Acting as an insulin sensitizer
E. Stimulation of angiotensin II release

[46.3] Which of the following would be least likely to stimulate vasopressin
release from the posterior pituitary?

A. Dehydration
B. Stress
C. Angiotensin II
D. Atrial stretch receptors
E. Aldosterone
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Answers

[46.1] B. Desmopressin is a vasopressin analog. Symptoms are consistent
with DI arising from surgical trauma to the pituitary or hypothalamus
and impairment of vasopressin release. The other possibilities would
not be alleviated by desmopressin.

[46.2] C. Vasopressin, and its analog desmopressin, acts by increasing inser-
tion of aquaporin (water channels) into the renal distal tubule mem-
brane, permitting increased resorption of water from the urinary
filtrate.

[46.3] E. Aldosterone acts independent of vasopressin to increase water
resorption by the kidney, by stimulating the insertion of ion trans-
porters into the membrane of distal colon and kidney distal tubule.

BIOCHEMISTRY PEARLS

❖ Vasopressin (antidiuretic hormone) is a nonapeptide that controls
resorption of water by distal tubules of the kidney to regulate the
osmotic pressure of blood.

❖ Vasopressin is synthesized in the hypothalamus and stored in the
posterior pituitary.

❖ Vasopressin is released in response to increased extracellular osmo-
larity sensed by hypothalamic osmoreceptors, signaling by atrial
stretch receptors or after a rise in angiotensin II levels. Its secre-
tion is increased by dehydration or stress.

❖ Vasopressin promotes increased resorption of water in the renal dis-
tal tubule by stimulating insertion of water channels or aquapor-
ins into the apical membranes of kidney tubules.
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❖ CASE 47

A 36-year-old male comes into the physician’s office because his hands and

feet are “swelling,” and his face has coarse features with oily skin. On exami-

nation, he is above the 95th percentile for height at his age. He is noted to have

some coarse facial features including large nose, large tongue, and frontal

bossing of his forehead. His hands are enlarged with soft tissue swelling, and

his heel pad is thickened. He is noticed to have a slightly enlarged liver and

spleen. The remainder of the examination was otherwise normal.

◆ What is the most likely diagnosis?

◆ What is the biochemical mechanism of this disorder?



ANSWERS TO CASE 47: ACROMEGALY

Summary: A 36-year-old male comes into the physician’s office with height
greater that the 95th percentile, coarse facial features (frontal bossing,
macroglossia, large nose), oily skin, organomegaly, and thickened soft tissue
of the hand and feet.

◆ Diagnosis: Acromegaly

◆ Biochemical mechanism: Excess and autonomous secretion of growth
hormone

CLINICAL CORRELATION

Acromegaly is a disorder with excessive growth hormone (GH), usually as a
result of autonomous secretion from a nonmalignant anterior pituitary tumor.
When acromegaly affects individuals prior to bone growth plate closure,
giantism may result; after the bone growth plates close, the patients usually
develop coarse features and large hands and feet. The diagnosis is confirmed
by demonstrating the failure of GH suppression within 1 to 2 hours of an oral
glucose load (75 gm), because GH is usually decreased with glucose. As a con-
sequence of the pulsatility of GH secretion, a single random GH level is not
useful for diagnosis. Morbidity can ensue because of diabetes or hypertension.
The most feared complications are cardiac in nature, which may affect up to
30 percent of patients. Cardiac arrhythmias, cardiomyopathy, left ventricular
hypertrophy, hypertension, and coronary heart disease can be present.
Arrhythmias can be associated with cardiomyopathy or coronary heart disease.
The primary therapy of acromegaly is surgical, but there is often only partial
response. Thereafter somatostatin analogues or dopamine agonists are used,
and as a last line of therapy, radiation.

APPROACH TO GROWTH HORMONE
ABNORMALITIES

Objectives

1. Be familiar with growth hormone regulation and function.
2. Know about the association with other hormonal problems (diabetes

mellitus [DM], thyroidism, etc.).

Definitions

Ghrelin: A 28-amino acid peptide that is octanoylated on serine-3. Ghrelin
is synthesized and secreted by endocrine cells in the stomach and will
bind to somatotrophic cells in the anterior pituitary to promote the
release of growth hormone (somatotropin).

424 CASE FILES: BIOCHEMISTRY



GHRH: Growth hormone–releasing hormone; a peptide synthesized and
secreted by the hypothalamus. GHRH stimulates the synthesis and
secretion of GH.

IGF-1: Insulin-like growth factor-1, also called somatomedin C; a 70-amino
acid peptide that shares structural homology with proinsulin. IGF-1 is
synthesized and released by the liver in response to growth hormone
binding to receptors on the hepatocyte.

JAK2: Janus kinase 2; an enzyme that will phosphorylate tyrosine residues
on target proteins. JAK2 is bound to the growth hormone receptor but is
inactive until the receptor binds the hormone. When hormone binds the
receptor, it triggers dimerization and activates JAK2.

Somatotropin: Growth hormone; a 191-amino acid polypeptide hormone
that is synthesized and secreted from the somatotroph cells of the ante-
rior pituitary. It acts primarily on hepatocytes, although muscle and adi-
pose cells also have receptors for growth hormone.

DISCUSSION

Growth hormone (somatotropin) is a polypeptide synthesized and secreted
by somatotrophs in the anterior pituitary. Growth hormone synthesis and
secretion is stimulated by the hypothalamic peptide growth hormone–
releasing hormone (GHRH). Somatostatin, a polypeptide produced by sev-
eral tissues including the hypothalamus, opposes GHRH stimulation of
growth hormone release. High levels of insulin-like growth factor-1 (IGF-1)
directly suppress growth hormone production in somatotrophs and also act
indirectly by stimulating somatostatin release from the hypothalamus.
Furthermore, growth hormone itself directly feedback inhibits its synthesis in
the somatotroph and also inhibits GHRH production by the hypothalamus.
A potent stimulator of growth hormone release is ghrelin, a polypeptide hormone
secreted by the stomach that acts directly on somatotrophs. In general, many
environmental factors including stress, exercise, nutrition, and sleep influence cir-
culating levels of growth hormone. The overall effect is a pulsatile pattern of
growth hormone release reaching a maximum in children and young adults
shortly after the onset of deep sleep. Levels of growth hormone fluctuate dramat-
ically and are suppressed in normal individuals after oral glucose administration.

Growth hormone plays a major role in cell proliferation and in regulat-
ing protein, lipid, and carbohydrate metabolism. It stimulates protein syn-
thesis and the accompanying amino acid uptake in many tissues. In adipocytes,
it increases fat utilization by stimulating triglyceride breakdown and oxidation.
It opposes effects of insulin by suppressing its ability to stimulate glucose
uptake and by stimulating gluconeogenesis. Interestingly, injection of growth
hormone stimulates insulin secretion, leading to hyperinsulinemia.

In most of these examples, growth hormone acts at two levels. Growth hor-
mone acts directly by binding its receptors in the plasma membrane of target
cells to influence cell proliferation and metabolism. Binding of growth hormone
to its receptor triggers receptor dimerization. In the absence of bound hormone,
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the receptor is a monomer and is bound on its cytoplasmic side to an inactive
protein kinase (Janus kinase 2 [JAK2]). The JAK2 protein kinase is a different
polypeptide from the receptor and the receptor itself lacks protein kinase activ-
ity. After hormone binding and dimerization, JAK2 is activated by cross-
phosphorylation. Active JAK2 phosphorylates target proteins and itself on
specific tyrosine residues to activate them, thus initiating an autocatalytic reg-
ulatory cascade.

Growth hormone also exerts important indirect effects by stimulating the
liver and other tissues to secrete IGF-1. IGF-1 stimulates the proliferation of
chondrocytes (cartilage cells) leading to bone growth. It also stimulates
myoblast proliferation, leading to increased muscle mass. The IGF-1 receptor
contains a tyrosine kinase activity in its cytoplasmic domain that is activated
autocatalytically after IGF-1 binding, triggering activation of downstream sig-
naling molecules. In this case, tyrosine kinase activity resides on the same
polypeptide as hormone-binding activity.

Normal proliferation of somatic cells requires both thyroid hormone and
growth hormone. Thyroid hormone stimulates growth hormone secretion, and
many thyroid hormone actions on the insulin-like growth factor (IGF) system
can be explained by this mechanism.

The profound physiologic role of growth hormone is revealed by conditions
resulting from either its deficiency or excess. For example, mutations in
growth hormone or its receptor lead to dwarfism. By contrast, excessive
secretion leads to giantism, if expressed before the growth plates have
closed, or acromegaly, if overproduction is initiated in the adult. Usually,
growth hormone overproduction in the adult is the result of a noncancerous
pituitary tumor. Overgrowth (thickening) of bones and connective tissues leads
to the characteristic features of acromegaly, with accompanying enlargement
of other tissues including the heart. In women, breast milk secretion may
result. Left untreated, acromegaly may lead to DI (glucose intolerance), hyper-
tension, heart failure, and sleep apnea.

COMPREHENSION QUESTIONS

[47.1] A 30-year-old female of normal weight was recently diagnosed with
type II diabetes and hypertension. Menstrual cycles were irregular. In
appearance she had unusually coarse features; a noticeable enlarge-
ment of the tongue, hands, and feet; and a deep voice. Although not
pregnant or nursing, she unexpectedly began producing breast milk
(galactorrhea). Which one of the following possibilities is most likely
to explain all of these symptoms?

A. Hyperinsulinemia and insulin resistance
B. Pituitary tumor and growth hormone overproduction
C. Testosterone overproduction
D. Ovarian cysts
E. Transforming growth factor β overproduction
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[47.2] A 7-year-old child who was very small for his age began receiving
treatment with growth hormone. Which one of the following metabolic
alterations is most likely to be observed after beginning this treatment?

A. Inhibition of cartilage formation
B. Inhibition of gluconeogenesis
C. Inhibition of triglyceride breakdown and oxidation in adipocytes
D. Stimulation of IGF-1 secretion
E. Stimulation of protein breakdown

[47.3] The following polypeptide hormones each interact with receptors in
the plasma membrane of their target cells. Which one triggers a sig-
naling pathway that is directly stimulated by treatment of the cell with
an inhibitor of cyclic AMP phosphodiesterase?

A. ACTH
B. Epidermal growth factor
C. Growth hormone
D. Insulin
E. Nerve growth factor

Answers

[47.1] B. The symptoms are consistent with acromegaly, or GH overpro-
duction, in the adult. This condition usually is caused by a pituitary
tumor. In the female, breast milk secretion is sometimes observed,
either as a result of GH overproduction or an accompanying overpro-
duction of prolactin. Growth hormone opposes insulin action result-
ing in decreased glucose utilization and symptoms of diabetes
mellitus. Growth hormone also increases IGF-1 production by the
liver, leading to stimulation of cartilage synthesis and muscle mass.
Excessive bone and tissue growth lead to the characteristic coarse
facial features, enlarged tongue and heart, bone thickening, and other
characteristics associated with this syndrome.

[47.2] D. Growth hormone stimulation of IGF-1 secretion is an important
aspect of its action.

[47.3] A. ACTH acts by activation of adenylate cyclase and production of
cAMP. Inhibition of cAMP breakdown synergistically increases the
intracellular response to this hormone.
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BIOCHEMISTRY PEARLS

❖ Growth hormone (somatotropin) is a polypeptide synthesized and
secreted by somatotrophs in the anterior pituitary.

❖ Mutations in growth hormone or its receptor lead to dwarfism.
❖ Excessive GH secretion leads to giantism, if expressed before the

growth plates have closed, or acromegaly, if overproduction is
initiated in the adult.

❖ The most common cause of growth hormone overproduction in the
adult is a noncancerous pituitary tumor.
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❖ CASE 48

A 52-year-old female presents to your office with complaints of hot flushes,

mood swings, irritability, and vaginal dryness and itching. Her last menstrual

period was a little over a year ago. She denies any vaginal discharge. The

patient is concerned about having thyroid problems because her friend has

similar symptoms and was diagnosed with hyperthyroidism. On examination,

the patient is in no acute distress with normal vital signs. Her physical is nor-

mal other than thin, atrophic vaginal mucosa. A thyroid-stimulating hormone

(TSH) level is drawn and is normal. The follicle-stimulating hormone (FSH)

level is drawn and is markedly elevated.

◆ What is the organ that secretes the follicle-stimulating hormone
(FSH)?

◆ What is the signal that stimulates the release of FSH?



ANSWERS TO CASE 48: MENOPAUSE

Summary: A 52-year-old female presents with hot flushes, mood swings, irri-
tability, vaginal dryness and atrophy, and last menstrual period over 1 year ago.

◆ Organ secreting follicle-stimulating hormone (FSH): Anterior
pituitary gland.

◆ Signal stimulating FSH release: Gonadotropin releasing hormone
from the hypothalamus binds to membrane receptors of the anterior
pituitary cells, triggered phosphatidylinositol signaling to stimulate
FSH production and release.

CLINICAL CORRELATION

This 52-year-old woman has symptoms of estrogen insufficiency, such as hot
flushes, mood swings, and vaginal dryness. Her last menstrual period was
1 year ago, consistent with the menopause. The etiology of the hypoestrogen
state is follicular atresia of the ovaries. Once in puberty, a woman usually has
fairly regular menstrual cycles as dictated by the estrogen and progesterone
secretion of the ovaries until about age 40 to 50 years. During a period of 2 to
4 years, some women may experience irregular menses because of irregular
ovulation until finally there are no further menses. The diagnosis of the
menopause is made by clinical criteria, although the gonadotropins, FSH, and
luteinizing hormone (LH) are usually elevated.

APPROACH TO THE MENSTRUAL CYCLE

Objectives

1. Be familiar with the hormones that control reproduction.
2. Know about the regulation of the normal menstrual cycle.
3. Understand the hormone changes during menopause.

Definitions

Apoptosis: Programmed cell death that leads to the destruction of cells
leaving membrane-bound particles that are shed or taken up by
phagocytosis.

Estradiol: 17-β-Estradiol; an estrogen steroid hormone that is synthesized
in the granulose cells of the ovary and secreted in response to binding of
FSH released from the anterior pituitary.

FSH: Follicle-stimulating hormone; a polypeptide hormone that contains
α and β subunits that is synthesized in and released from the anterior
pituitary in response to binding of GnRH. When binding to receptors on
the plasma membrane of the granulose cells of the ovarian follicle, it
stimulates the synthesis and secretion of estradiol.

430 CASE FILES: BIOCHEMISTRY



GnRH: Gonadotropin-releasing hormone; a decapeptide containing an N-
terminal pyroglutaminyl residue and a C-terminal glycinamide residue.
GnRH is synthesized and secreted from the hypothalamus and binds
receptors on the anterior pituitary.

LH: Luteinizing hormone; a polypeptide hormone that is similar in struc-
ture to FSH and, like FSH, is synthesized and secreted from the anterior
pituitary in response to binding of GnRH. It binds to receptors on the
thecal cells of the ovarian follicle to increase synthesis of androgens.
When binding to receptors on the corpus luteum, it increases the syn-
thesis of progesterone.

Progesterone: A steroid hormone synthesized from cholesterol secreted
from the corpus luteum in the luteal phase of the menstrual cycle.

DISCUSSION

With the onset of puberty, the normal menstrual (ovarian) cycle, as shown in
Figure 48-1, is initiated by the pulsatile release of gonadotropin-releasing
hormone (GnRH) from the hypothalamus. GnRH binds to plasma mem-
brane receptors in its target cells in the anterior pituitary and triggers acti-
vation of the phosphatidylinositol signaling pathway. This in turn signals the
pituitary to release both FSH and LH from the same cell. FSH binds its
plasma membrane receptor in the ovarian follicle to stimulate, via adeny-
late cyclase activation, cyclic AMP production and protein kinase A acti-
vation, increased ovarian synthesis and secretion of 17-β-estradiol, the female
sex hormone. This leads to maturation of the follicle and ovum. Estradiol also
induces progesterone receptors. Estrogens circulate in the bloodstream to
maintain female primary and secondary sex characteristics. The steroid hor-
mones estradiol and progesterone act by activating their intracellular receptors
(E2R and PR, respectively) to bind their response elements in promoter regions
of target genes. Together they promote the thickening and vascularization of
the uterine endometrium in preparation for implantation of the fertilized ovum.
Ovarian synthesis of inhibin, a negative feedback regulator of FSH (but not
LH) production, is also stimulated. As 17-b-estradiol levels reach a maxi-
mum, around day 13 of the cycle, they stimulate a massive release of LH and
to a lesser extent FSH, from the pituitary, known as the LH spike. The LH
spike, together with other factors such as prostaglandin F2α, triggers
ovulation.

After ovulation, estrogen biosynthesis by the follicle declines, leading to a
drop in blood levels of estrogen. The Graafian follicle now differentiates into
the corpus luteum, under the mediation of LH. LH binds plasma membrane
receptors in the corpus luteum, acting by the adenylate cyclase/protein kinase
A signaling pathway, to stimulate progesterone biosynthesis. The uterine
endometrial wall becomes secretory in preparation for implantation of the fer-
tilized egg. In the absence of fertilization, the corpus luteum dies, because of
decreased levels of LH. This leads to decreased production of progesterone
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and estradiol, culminating with apoptosis of the uterine endometrial cells, and
their shedding at day 28 in menstruation. A new follicle then begins to
develop. The decline in blood levels of estradiol and progesterone relieves
feedback inhibition of the gonadotropes and hypothalamus, leading to GnRH
release and initiation of another ovarian cycle.

If fertilization occurs, the corpus luteum remains viable and begins secre-
tion of human chorionic gonadotropin (HCG), a function eventually taken over
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Figure 48-1. The ovarian cycle. (Reproduced, with permission, from Devlin
TM, ed. Textbook of Biochemistry with Clinical Correlations, 5th ed. New
York: Wiley-Liss, Copyright © 2002:935. This material is used by permission
of John Wiley & Sons, Inc.)
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by the placenta. This hormone (HCG) is necessary for the maintenance of
the endometrium during the first trimester of pregnancy.

At menopause, beginning on an average at age 51, ovarian production of
estrogen and progesterone gradually declines. The resulting release of feed-
back inhibition on the pituitary leads to its greatly increased release of
FSH and LH. The adrenal glands continue to produce a minor amount of
estrogen. Ovulation stops, and menstruation becomes less frequent and even-
tually ceases. The postmenopausal ovary and the adrenal gland continue to
secrete androgens. The conversion of these androgens to estrogens mainly in
fat cells and skin via the enzyme aromatase provides most of circulating estro-
gen in postmenopausal women.

COMPREHENSION QUESTIONS

[48.1] An obese 57-year-old woman did not yet exhibit symptoms of
menopause but was diagnosed with polycystic ovary syndrome
(PCOS) and insulin resistance. Her plasma levels of testosterone were
above normal. Which one of the following is most likely in this case?

A. Hyperinsulinemia leading to androgen overproduction by the ovary
and its conversion to estrogen in fat cells

B. Androgen overproduction by the adrenal gland and its conversion
to estrogen in fat cells

C. Progesterone overproduction by the polycystic ovary leading to its
conversion to estrogen

D. LH/FSH ratio = 1
E. Estrogen overproduction by the ovary and conversion to testosterone

[48.2] Which one of the following changes is most likely to be observed in a
postmenopausal woman who is not taking hormone supplementation?

A. Cessation of androgen secretion
B. Increased levels of FSH and LH
C. Increased osteoblast activity
D. Decreased levels of gonadotropin-releasing hormone
E. Increased progesterone levels

[48.3] In a normal premenopausal woman, which one of the following is
stimulated by progesterone?

A. Release of gonadotropin-releasing hormone by the pituitary
B. Ovulation
C. Development of the endometrium in preparation for possible

pregnancy
D. Uterine contraction
E. Follicle development
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Answers

[48.1] A. Hyperandrogenism is primarily ovarian in origin in PCOS women,
although a minor contribution from the adrenal gland may occur.
Hyperinsulinemia is the primary stimulus. Fat cells convert androgens
to estrogens. This may explain the late menopause in this case. In nor-
mal postmenopausal women, ovarian production of testosterone con-
tinues and this provides the main source of circulating estrogen.
Typically an LH/FSH ratio of at least 2.5 is associated with PCOS.

[48.2] B. Increased levels of FSH and LH result from decreased estrogen
levels and release of feedback inhibition. Androgen secretion contin-
ues although diminished. Osteoblast activity decreases, eventually
leading to risk of osteoporosis. Progesterone levels decrease, and GnRH
levels increase.

[48.3] C. Progesterone is secreted by the corpus luteum under the influence
of LH. Together with estrogen, it promotes the thickening and main-
tenance of the endometrium. Progesterone inhibits GnRH release,
uterine contraction, and follicle development.

BIOCHEMISTRY PEARLS

❖ Puberty is initiated by the pulsatile release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus.

❖ GnRH binds to plasma membrane receptors in its target cells in the
anterior pituitary and triggers activation of the phosphatidylinos-
itol signaling pathway, stimulating the release of both follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) from
the same cell.

❖ FSH binds its plasma membrane receptor in the ovarian follicle to
stimulate, via adenylate cyclase activation, cyclic AMP produc-
tion, and protein kinase, increasing the ovarian synthesis and
secretion of 17-β-estradiol, the female sex hormone.

❖ Follicular atresia is the cause of hypoestrogenemia in the
menopause, which is associated with elevated gonadotropin lev-
els (FSH and LH).
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❖ CASE 49

A 36-year-old male presents to the clinic with concerns about increasing weak-

ness and fatigue. He reports that his symptoms are present at all times, but at

times of stress, the weakness is much worse. He has had some nausea, vomit-

ing, and nonspecific abdominal pain, resulting in involuntary weight loss. His

skin coloration has changed similar to a tan and is all over his body. On exam,

he is in no distress with normal vitals other than a slightly low blood pressure.

His skin is bronze in color with darkening in elbows and creases of the hand,

although he states that he avoids the sun. The remainder of the exam is normal.

◆ What is the likely diagnosis?

◆ What is the underlying molecular disorder?



ANSWERS TO CASE 49: ADDISON DISEASE

Summary: A 36-year-old male presents with fatigue, weakness, nonspecific GI
symptoms, hypotension, and darkening skin coloration despite being away
from sunlight.

◆ Diagnosis: Addison disease

◆ Underlying problem: Adrenal insufficiency with lack of
mineralocorticoids and cortisol

CLINICAL CORRELATION

This 36-year-old male has the clinical stigmata of Addison disease, or adreno-
corticoid deficiency. The weakness, fatigue, and hypotension are caused by
decreased levels of cortisol as well as mineralocorticoids. The darkening of the
skin is a result of increased melanocyte-stimulating hormone, which is metabo-
lized from adrenocorticotropin hormone (ACTH), which is elevated because of
the low levels of the adrenal hormones. This is a potentially fatal disorder and
requires prompt clinical recognition. Serum electrolytes give a clue to the disor-
der, because the patient would likely have hyponatremia and hyperkalemia. An
ACTH stimulation test revealing low levels of adrenal corticoid response is con-
firmatory. The treatment includes hydrocortisone (cortisol) to replace glucocorti-
coid deficiency and a mineralocorticoid supplementation. The most common
cause of adrenal insufficiency on a chronic basis is autoimmune destruction of the
adrenal gland. Other autoimmune diseases should be sought, such as diabetes
mellitus and systemic lupus erythematosus. Adrenal insufficiency may occur
acutely when the adrenal gland is not able to generate high levels of steroids in
times of stress, such as surgery or infection; the most common reason in these
cases is chronic corticosteroid therapy leading to relative adrenal suppression.
These situations can be avoided by the administration of a “stress dose” hydro-
cortisone intravenously around the time of anticipated physiologic stress.

APPROACH TO ADRENAL HORMONES

Objectives

1. Be familiar with the clinical manifestations of mineralocorticoid
deficiency.

2. Know about the regulation of ACTH and cortisol.
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Definitions

ACTH: Adrenocorticotropin, adrenocorticotropic hormone; a polypeptide
hormone released from the anterior pituitary into the bloodstream in
response to the binding of CRH. ACTH binds to receptors in the adrenal
cortex, causing the synthesis and release of cortisol.

CRH: Corticotropin-releasing hormone; a polypeptide hormone consisting
of 41 amino acids that is released from the hypothalamus and travels to
the adrenal cortex in a closed portal system. It binds to receptors in the
adrenal cortex causing the release of ACTH and β-lipotropin.

Cortisol: Hydrocortisone; a glucocorticoid steroid hormone synthesized by
the adrenal gland in response to binding of ACTH. Cortisol binds to
cytosolic or nuclear receptors that act as transcription factors for
glucocorticoid-responsive genes. In general, cortisol is a catabolic hor-
mone that promotes the breakdown of proteins.

Corticosteroid: A class of steroid hormones that include the glucocorti-
coids (e.g., cortisol) and mineralocorticoids (e.g., aldosterone).
Glucocorticoids are involved in the maintenance of normal blood glu-
cose levels, whereas mineralocorticoids are involved in mineral balance.

Hypoadrenocorticism: A failure of the adrenal cortex to produce gluco-
corticoid (and in some cases mineralocorticoid) hormones.

a-MSH: Melanocyte-stimulating hormone; a polypeptide hormone derived
from the breakdown of ACTH (the N-terminal 13-amino acid residues).
Released from the anterior pituitary, it acts on skin cells to cause skin
darkening by the dispersion of melanin.

Proopiomelanocortin: A precursor protein synthesized in the anterior
pituitary from which are generated several polypeptide hormones. It gives
rise to ACTH, β-lipotropin, γ-lipotropin, α-MSH, γ-MSH, CLIP, and
β-endorphin (and potentially enkephalins and β-MSH).

DISCUSSION

Cortisol is a member of the glucocorticoid steroid hormone family. It acts on
almost every organ and tissue in the body in carrying out its vital role in the
body’s response to stress. Among its crucial functions, it helps maintain blood
pressure and cardiovascular function; acts as an antiinflammatory; modulates
insulin effects on glucose utilization; and regulates metabolism of protein, car-
bohydrates, and lipids. In all of its actions, cortisol interacts with intracellu-
lar receptors to trigger their binding to specific response elements in the
promoters of target genes to influence transcription of their messenger
ribonucleic acids (mRNAs).

Cortisol is produced by the adrenal gland under the precise control of the
hypothalamus and pituitary. The hypothalamus secretes corticotropin-releasing
hormone (CRH) in response to stress. CRH acts on plasma membrane receptors
in corticotrophic cells in the anterior pituitary to stimulate their release of
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adrenocorticotropin (ACTH). Secretion is also under circadian regulation.
Vasopressin and angiotensin II augment this positive response but by themselves
do not initiate it. ACTH is derived from the precursor polypeptide proopiome-
lanocortin after cleavage in the pituitary to release ACTH plus β-lipotropin, an
endorphin precursor with melanocyte-stimulating activity. ACTH binds to
plasma membrane receptors in the adrenal gland to stimulate production
of cortisol, a signaling response mediated by adenylate cyclase (Figure 49-1).
Increased blood cortisol levels exert feedback inhibition of ACTH secretion, a
feedback loop acting at multiple levels including the hypothalamus, the pitu-
itary and the central nervous system. Under separate positive control by norep-
inephrine, the intermediate pituitary converts ACTH to melanocyte-stimulating
hormone (β-MSH) plus CLIP (corticotropin-like intermediary peptide).

Most cases of Addison disease are a result of idiopathic atrophy of
the adrenal cortex induced by autoimmune responses, although a num-
ber of other causes of adrenal cortex destruction have been described.
Hypoadrenocorticism results in decreased production of cortisol and, in some
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Figure 49-1. The sequence of events leading to the release of cortisol from the
adrenal gland. Binding of ACTH to cell surface receptors activates adenylate
cyclase to produce cAMP, which in turn activates protein kinase A. This causes
phosphorylation events to occur that cause cholesterol to be released from cho-
lesterol ester droplets in the cell. This initiates the conversion of cholesterol to
cortisol, which is then released into the bloodstream.



cases, also results in decreased production of aldosterone, the other principal
steroid hormone produced by this gland. If aldosterone levels are insufficient,
characteristic electrolyte abnormalities are evident owing to increased excre-
tion of Na+ and decreased excretion of K+ chiefly in urine but also in sweat,
saliva, and the GI tract. This condition leads to isotonic urine and decreased
blood levels of Na+ and Cl− with increased levels of K+. Left untreated,
aldosterone insufficiency produces severe dehydration, plasma hyper-
tonicity, acidosis, decreased circulatory volume, hypotension, and circula-
tory collapse.

Cortisol deficiency impacts carbohydrate, fat, and protein metabolism and
produces severe insulin sensitivity. Gluconeogenesis and liver glycogen for-
mation are impaired, and hypoglycemia results. As a consequence, hypoten-
sion, muscle weakness, fatigue, vulnerability to infection, and stress are early
symptoms. A characteristic hyperpigmentation on both exposed and unex-
posed parts of the body is evident. Decreased blood levels of cortisol in
Addison disease lead to increased blood levels of both ACTH and β-
lipotropin reflecting decreased feedback inhibition by cortisol of their synthe-
sis. β-Lipotropin has melanocyte-stimulating activity accounting for the
increased pigmentation. The disease is progressive, with the risk of a poten-
tially fatal adrenal crisis triggered by infection or other trauma.

Secondary adrenal insufficiency may result from lesions in the hypothala-
mus or pituitary, leading to impaired release of ACTH. This condition does not
exhibit hyperpigmentation because release of feedback inhibition of ACTH
production by low cortisol levels cannot overcome the primary defect in
ACTH production. Usually, aldosterone secretion is normal.

By contrast, Cushing syndrome results from cortisol overproduction and
most commonly is caused by a tumor in either the adrenal gland or pituitary.

COMPREHENSION QUESTIONS

[49.1] A 29-year-old female patient exhibited a rounded face, hirsutism,
upper body obesity, easily bruised skin, severe fatigue, muscle weak-
ness, and anxiety. She also complained of irregular periods. A long-
term asthma sufferer, she had been prescribed prednisone for the past
2 years. Findings on examination revealed high fasting blood glucose
levels and high blood pressure. Cortisol levels were below normal.

Which one of the following is the most likely explanation to account
for the patient’s symptoms?

A. Decreased levels of insulin
B. Increased levels of testosterone
C. Decreased secretion of ACTH
D. Excess exogenous glucocorticoid hormone
E. Increased hepatic metabolism of steroid hormones
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[49.2] A patient suffering from weakness, fatigue, nausea, and vomiting was
found to have low blood concentrations of Na+ and Cl− and high levels
of serum K+. Physical examination revealed a deep tanning of both
exposed and unexposed parts of the body and dark pigmentation inside
the mouth. The hyperpigmentation in this patient most likely resulted
from which of the following?

A. Increased secretion of ACTH
B. Prolonged exposure of the patient to ultraviolet radiation
C. Excessive ingestion of β-carotene–containing foods
D. Activation of melanocytes caused by medication side effects
E. Inhibition of plasma membrane Na+, K+-ATPase

[49.3] Metyrapone is used to block the mitochondrial 11β-hydroxylase in the
corticosteroid synthetic pathway and is administered to evaluate
hypothalamic-pituitary-adrenal axis function. Which of the following
results is most likely from this overnight diagnostic test in a healthy
individual?

A. Feedback inhibition of cortisol biosynthesis
B. Increase in the levels of cortisol precursors
C. Decrease in ACTH levels
D. Inhibition of adenylate cyclase activity in adrenal cortical cells
E. Inhibition of pituitary function

Answers

[49.1] D. Prednisone acts as a glucocorticoid hormone analog, giving rise to
Cushing syndrome symptoms after prolonged administration.

[49.2] A. Hyperpigmentation is a feature of Addison disease, the diagnosis
in this case. Decreased plasma cortisol because of adrenal insuffi-
ciency releases feedback inhibition of ACTH secretion by the pitu-
itary, resulting in elevation of ACTH biosynthesis. The ACTH
precursor peptide is cleaved to also yield melanocyte-stimulating hor-
mone, the factor responsible for hyperpigmentation even in areas not
exposed to sunlight.

[49.3] B. Inhibition of this step in cortisol biosynthesis relieves feedback
inhibition of its biosynthetic enzymes, leading to accumulation of
cortisol precursors, particularly 11-deoxycortisol. Normal patients
will also have a compensatory increase in the secretion of ACTH.
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BIOCHEMISTRY PEARLS

❖ Most cases of Addison disease are because of idiopathic atrophy of
the adrenal cortex induced by autoimmune responses.

❖ Cortisol interacts with intracellular receptors to trigger their binding
to specific response elements in the promoters of target genes to
influence transcription of their mRNAs.

❖ Under separate positive control by norepinephrine, the intermediate
pituitary converts ACTH to melanocyte-stimulating hormone,
which accounts for the “well tanned” appearance.

❖ Aldosterone insufficiency produces severe dehydration, plasma
hypertonicity, acidosis, decreased circulatory volume, hypoten-
sion, and circulatory collapse.
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❖ CASE 50

A 32-year-old woman presents to her obstetrician/gynecologist with com-

plaints of irregular periods, hirsutism, and mood swings. She also reports

weight gain and easy bruising. On examination, she is found to have truncal

obesity, a round “moon” face, hypertension, ecchymoses, and abdominal

striae. The patient is given a dexamethasone suppression test which reveals an

elevated level of cortisol.

◆ What is the likely diagnosis?

◆ What would an elevated adrenocorticotropic hormone (ACTH) level
indicate?



ANSWERS TO CASE 50: CUSHING SYNDROME

Summary: A 32-year-old female with irregular menses, hirsutism, mood
swings, weight gain, truncal obesity, hypertension, abdominal striae, ecchy-
moses, and elevated cortisol levels.

◆ Diagnosis: Cushing Syndrome

◆ Elevated ACTH level: Likely cause of adrenal hyperplasia from
ACTH-producing tumor

CLINICAL CORRELATION

This patient presents with many of the classic findings of Cushing syndrome.
Adrenal hyperplasia can be caused by excessive stimulation from ACTH (pitu-
itary or ectopic production) or from a primary adrenal problem such as adenomas/
carcinomas. In addition to above symptoms, patients with Cushing syndrome are
also at risk for osteoporosis and diabetes mellitus (DM). The diagnosis is con-
firmed with elevated cortisol levels after a dexamethasone suppression test.
Treatment depends on the underlying etiology and is often surgical.

APPROACH TO CUSHING SYNDROME

Objectives

1. Describe the biosynthesis of steroids in the adrenal gland.
2. Explain from a biochemical standpoint why hypertension is a common

consequence of Cushing syndrome. 

Definitions

Abdominal striae: Stretch marks of the abdominal region.
ACTH (adrenocorticotropic hormone or corticotropin): Hormone pro-

duced in the anterior pituitary, which stimulates adrenal production of
cortisol.

Adenoma: Any benign tumor of glandular origin; typically found in the
adrenal, pituitary, and thyroid glands (note: once an adenoma has pro-
gressed to malignancy, it is referred to as an adenocarcinoma).

CRH (corticotropin-releasing hormone): Hormone produced in the
hypothalamus, which stimulates release of ACTH from the anterior
pituitary.

Cushing disease: A specific form of Cushing syndrome, which is caused
by an ACTH-secreting pituitary adenoma; represents approximately
66 percent of all cases of Cushing syndrome. Because of structural simi-
larities with melanocyte-stimulating hormone (MSH), excess ACTH from
pituitary adenomas can induce dermal hyperpigmentation.
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Dexamethasone suppression test: An overnight test used to screen
patients for Cushing syndrome by administering dexamethasone to a
patient. Positive results for this test are indicated by a patient’s inability
to reduce cortisol levels after dexamethasone treatment—usually
because the patient’s feedback loop mechanism is ineffective at inhibit-
ing cortisol release.

Ecchymosis: Bruise or contusion; normally comes from damage to the cap-
illaries at the site of injury, allowing blood to seep out into the sur-
rounding tissue, presenting initially as a blue or purple color.

Ectopic ACTH syndrome: Form of Cushing syndrome in which benign or
malignant tumors arise in places other than the pituitary, leading to
excessive release of ACTH and subsequently, cortisol into the bloodstream;
represents approximately 10 to 15 percent of Cushing syndrome cases.

Hirsutism: Increased presence of hair in women on body regions where
hair does not normally grow. 

Hypercortisolism: A condition in which the body is exposed to an excess
of cortisol for an extended period of time.

Iatrogenic Cushing syndrome: Condition in which all symptoms of
Cushing syndrome are brought on by administration of synthetic forms
of cortisol, such as prednisone and dexamethasone. “Iatrogenic” origi-
nates from Greek and literally translates to mean “born from” the
“healer.” 

Pseudo-Cushing syndrome: Condition in which alcohol induces symp-
toms of Cushing syndrome without the tumor that leads to increased cor-
tisol levels.

DISCUSSION

Cortisol is a stress hormone released in response to trauma—physical and
emotional—that leads to several physiologic changes aimed at reducing the
stress associated with this trauma. This process is helpful to the body because
the activity of cortisol can limit the harmful effects of stress. However, if too
much cortisol is secreted (hypercortisolism) symptoms of Cushing syndrome
may appear.

Cortisol is secreted from the adrenal glands of the kidneys (“adrenal” liter-
ally means near or at the kidney). All steroid hormones are synthesized from
cholesterol, with the rate-limiting step in steroid biosynthesis being the cleav-
age of the cholesterol side chain. This is done by several enzymes that make
up the cytochrome P450 side-chain cleavage complex. High levels of Ca2+ and
protein phosphorylation—due to increased cAMP in the cytosol—increase the
rate of cholesterol side-chain cleavage in the mitochondria. First, cholesterol
is mobilized into the mitochondria of the adrenal cortex cells, where its side
chain is cleaved by the cytochrome P450 cleavage complex (CYP11A1)
to yield pregnenolone (Figure 50-1). Pregnenolone is oxidized by 3β-
hydroxysteroid dehydrogenase to form progesterone, which is then converted
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Figure 50-1. Biosynthesis of cortisol. Cholesterol is the starting material for
all steroid synthesis. Cortisol synthesis involves a series of oxidation reactions
catalyzed by cytochrome P450 enzymes (1) The cleavage of cholesterol’s six-
carbon side chain is catalyzed by CYP11A1—the rate-limiting step in steroid
synthesis. (2) This is followed by dehydrogenation of the hydroxyl group in
pregnenolone, which is catalyzed by 3β-hydroxysteroid dehydrogenase.
(3) This molecule is then oxygenated at carbons 17, 21, and 11 by CYP17,
CYP21A2, and CYP11B1, respectively, to yield cortisol. All structure modifi-
cations are indicated by dashed lines.



into cortisol by the action of three cytochrome P450 enzymes, CYP17,
CYP21A2, and CYP11B1. After synthesis is complete, cortisol is released from
the zona fasciculata in the adrenal cortex via free diffusion into the blood
stream for distribution to its target organs, such as liver and kidney.

The adrenal gland produces cortisol in response to intermediate hormones,
called adrenocorticotropin hormone (ACTH) and corticotropin-releasing
hormone (CRH) via the humoral stress pathway, which extends from the
brain to the adrenals (Figure 50-2). Once the body has received an environ-
mental stress signal, it is detected by neurons in the cerebral cortex and trans-
mitted to the hypothalamus. The hypothalamus then releases CRH via the
classic secretory pathway into the anterior pituitary. CRH stimulates release of
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Figure 50-2. Induction of the humoral stress pathway. Once an environmental
stress is detected by the CNS, this signals the hypothalamus to release CRH
into the anterior pituitary. ACTH is then released from the pituitary into the
blood and eventually binds membrane receptors in cells of the adrenal cortex.
Cortisol is synthesized and leaves the cell via free diffusion into the blood and
is eventually distributed to the hypothalamus and pituitary to inhibit release of
CRH and ACTH, respectively, through a negative feedback loop.



ACTH, which then moves into the blood and down to the adrenal glands. Once
in the zona fasciculata of the adrenal cortex, ACTH binds membrane receptors
stimulating transfer of cholesterol to the mitochondria for cleavage events
leading to synthesis and release of cortisol. After diffusing out of the cell into
the blood stream, cortisol binds corticosteroid-binding globulin (CBG), also
known as transcortin. Cortisol then moves to receptors back in the pituitary to
signal reduction of ACTH and CRH production, thus regulating cortisol syn-
thesis by a negative feedback mechanism.

As the major stress hormone, cortisol has many functions. For example, in
trabecular bone, cortisol inhibits synthesis of new bone by osteoblasts and
decreases absorption of Ca2+ in the GI tract, leading to osteopenia. However, the
two principal influences of cortisol are on metabolism and the immune system.

Metabolism: Cortisol is catabolic and carries out lipolysis and muscle tis-
sue degradation. Muscle catabolism provides a source of amino acids used by
the liver to fuel gluconeogenesis and increases blood glucose levels. Proteolysis
of collagen can lead to skin fragility, easy bruising, and striae. Lipolysis, or
lipid degradation, generates free fatty acids in the blood, which when degraded
by β-oxidation in the liver provide an alternative energy source, decreasing the
demand for glucose. Increased lipolysis in Cushing syndrome is also thought
to cause the redirection of fat deposition away from the limbs toward the trunk,
leading to symptoms, such as “buffalo hump” and “moon face.” In addition to
increasing blood glucose levels, too much cortisol can inhibit insulin activity
and exacerbate diabetic complications. Cortisol and cAMP induce two enzymes
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase), both of which lead to increased glucose levels. The effect of corti-
sol is to induce PEPCK and G6Pase gene expression through a glucocorticoid
response element (GRE) upstream of each gene. PEPCK and G6Pase both
increase the rate of gluconeogenesis and antagonize insulin response activity,
leading to increased blood glucose.

Immune System: Cortisol also has immunosuppressive effects and can
reduce inflammation. For example, other synthetic forms of cortisol, such as
hydrocortisone, are used medicinally to reduce inflammation. Cortisol’s
immunosuppressive effects are partly a result of its ability to sequester lym-
phocytes in the spleen, thymus, and bone marrow. Most other immunosuppres-
sive effects come from cortisol’s ability to modulate gene transcription. Cortisol
diffuses into the cell and binds glucocorticoid receptors, which disaggregate
into single, or monomer, proteins. Now that the activated receptor, or transcrip-
tion factor, has a free DNA binding domain it will translocate to the nucleus to
alter gene expression. This activity induces transcription of several immuno-
suppressive genes that inhibit expression of target genes, such as IL-2.

Cushing syndrome is a rare condition in which elevated levels of cortisol are
present in the patient for an extended period of time (hypercortisolism). Typically,
it affects those between the ages of 20 and 50 years. On rare occasions, this dis-
ease may result from an inherited condition, which leads to growth of adenomas
in endocrine glands, such as the adrenal, parathyroid, pancreas or pituitary glands.
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Benign tumors in the pituitary or adrenal glands can lead to excess release of
ACTH or cortisol into the blood, causing the symptoms of Cushing syndrome.
Typically, excess levels of endogenous cortisol—not synthetic forms of
cortisol—can cause hypertension, most likely because of its weak binding capac-
ity with mineralocorticoid receptors (i.e., aldosterone receptors). 

Typically, hypercortisolism comes from: (1) A pituitary adenoma, which
secretes excess ACTH, thus causing release of cortisol from the adrenals;
(2) an adrenal adenoma, which secretes excess cortisol; (3) a lung tumor, which
secretes excess ACTH; or (4) administration of synthetic forms of cortisol
(i.e., dexamethasone, prednisone, etc.) due to previously diagnosed diseases,
such as rheumatoid arthritis. In the case of a pituitary adenoma, the location of
the adenoma makes the pituitary gland insensitive to the negative feedback
mechanism brought on by excess cortisol in the blood. Sixty-six percent of all
cases of Cushing syndrome are derived from pituitary adenomas. When hyper-
cortisolism is due to exogenous administration of steroids it is referred to as
iatrogenic Cushing syndrome.

Also, because cortisol is a stress hormone, people who suffer a great deal
of stress, such as athletes, alcoholics, and pregnant women may have high
blood cortisol levels and exhibit symptoms of Cushing syndrome (also known
as pseudo-Cushing syndrome).

Treatment of Cushing syndrome is intended to return cortisol levels back to
normal and usually occurs through surgery. In some cases medications, such
as mitotane, which lower blood and urine cortisol levels, can be used alone or
in combination with radiation therapy.

COMPREHENSION QUESTIONS

A 45-year-old female patient presents with hirsutism, striae, bruising, acne,
and hyperpigmentation of the skin. After a thorough physical examination the
physician notes that she also suffers from hypertension and shows signs of a “buf-
falo hump” on her back between the shoulders. Cushing syndrome is suspected
and after laboratory tests show elevated blood cortisol levels she is given a
dexamethasone suppression test. Her results are positive. 

[50.1] Following administration of dexamethasone, this patient exhibits ele-
vated cortisol levels (a positive result) because of which of the
following?

A. The humoral stress pathway can no longer regulate cortisol levels
via a negative feedback loop.

B. There is a deficiency in the enzyme that breaks down dexametha-
sone, leading to excess amounts of glucocorticoid in the blood 

C. The anterior pituitary is nonresponsive to excess cortisol and is
aberrantly producing excess CRH 

D. A CRH-secreting tumor of the adrenal glands is stimulating cortisol
synthesis and is no longer responding to the negative feedback loop
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[50.2] The hirsutism observed in the patient above is best explained by which
of the following?

A. ACTH stimulating synthesis of adrenal androgens
B. CRH stimulating synthesis of adrenal androgens
C. Cortisol activating aldosterone receptors
D. Cortisol stimulating expression of adrenal androgen biosynthetic

enzymes

[50.3] The characteristic accumulation of adipose tissue in the facial, truncal,
and cervical regions of the body in patients with Cushing syndrome is
best explained by which of the following?

A. Excess adrenal androgens due to adrenal tumor 
B. Excess cortisol over long periods of time
C. Cross stimulation of mineralocorticoid receptors by cortisol
D. Increased production of MSH
E. Increased proteolysis

[50.4] The most common cause of hypercortisolism is which of the following?

A. Adrenal tumor that secretes excess cortisol and mineralocorticoid
hormones.

B. Lung tumor that secretes excess ACTH that leads to excess cortisol
in the blood.

C. Administration of synthetic cortisol by physician 
D. Pituitary adenoma that secretes excess ACTH, leading to excess

cortisol in the blood.

Answers

[50.1] A. The body’s humoral stress pathway can no longer regulate cortisol
levels via a negative feedback loop. By administering a synthetic
form of cortisol (dexamethasone), the physician is testing the body’s
natural ability to reduce cortisol production. However, a patient with
Cushing syndrome produces excess cortisol from one of several
major sources, such as an ACTH-secreting pituitary adenoma, an
ACTH-secreting lung tumor, or a cortisol-secreting adrenal tumor.
Either one of these sources will be unaffected by the dexamethasone
suppression test, thus exhibiting no change in blood cortisol levels.
If the stress humoral pathway is intact, the test will show a drop in
cortisol levels.

[50.2] A. Androgenic phenotypes are commonly seen in Cushing syndrome
because ACTH, frequently in excess, stimulates synthesis of adrenal
androgens in addition to cortisol.
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[50.3] B. While the exact mechanism is not known, excess cortisol over long
periods of time mobilizes lipids and redirects fat deposition away
from the peripheral regions to the truncal region creating a “buffalo
hump” appearance between the shoulders and a “moon face.”

[50.4] D. While all of the choices can lead to hypercortisolism, about two-
thirds of all cases are due to a pituitary adenoma that secretes excess
ACTH, leading to excess cortisol in the blood.

BIOCHEMISTRY PEARLS

❖ All steroid hormones are synthesized from cholesterol, with the rate-
limiting step in steroid biosynthesis being the cleavage of the
cholesterol side chain.

❖ Cortisol is catabolic and carries out lipolysis and muscle tissue
degradation.

❖ Cushing syndrome occurs from hypercortisolism over a long period
of time.

❖ Cortisol has numerous effects on the body, and in excess, can cause
hypertension, lipolysis, “buffalo hump,” “moon faces,” easy bruising
of the skin, and truncal obesity.
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❖ CASE 51

A 42-year-old female presents to the clinic with complaints of vague abdomi-

nal discomfort, weakness and fatigue, and bone pain. The patient gives no per-

sonal or family history of medical problems. The patient did remember that

she suffer from frequent urinary tract infections and has had several episodes

of kidney stones. Her physical examination was within normal limits. The

patient had a normal complete blood count (CBC), and electrolytes revealed a

significantly elevated calcium level and low phosphorus level.

◆ What is the most likely diagnosis?

◆ What is the biochemical secondary messenger activated
in this disorder?



ANSWERS TO CASE 51: HYPERPARATHYROIDISM

Summary: A 42-year-old female, who has a history of frequent urinary tract
infections and kidney stones, is found to have vague abdominal pain and
weakness, with hypercalcemia and decreased phosphorus levels.

◆ Diagnosis: Hyperparathyroidism, leading to hypercalcemia and
hyperphosphatemia.

◆ Biochemical mechanism: Elevated parathyroid hormone level acts by
binding its 7-helix plasma membrane receptor to activate the adenylate
cyclase/protein kinase A signaling system.

CLINICAL CORRELATION

This patient presents with kidney stones, which causes severe flank pain.
The most common causes of hypercalcemia include malignancies or
hyperparathyroidism. Other causes include granulomatous disorders such as
sarcoid and tuberculosis, and less commonly, hypercalcemia may be the pres-
entation of intoxication with vitamins A or D, or calcium-containing antacids,
or occur as a side effect of drug therapies like lithium or thiazide diuretics.
Genetic conditions like familial hypocalciuric hypercalcemia and hyper-
parathyroidism as part of a multiple endocrine neoplasia syndrome are also
uncommon. Primary hyperparathyroidism, usually because of a solitary
parathyroid adenoma, is the most likely cause when hypercalcemia is dis-
covered in an otherwise asymptomatic patient on routine laboratory screening.
Most patients have no symptoms with mild hypercalcemia below 12.0 mg/dL,
except perhaps some polyuria and dehydration. With levels above 13 mg/dL,
patients begin developing increasingly severe symptoms. These include central
nervous system (CNS) symptoms (lethargy, stupor, coma, mental status changes,
psychosis), gastrointestinal symptoms (anorexia, nausea, constipation, peptic
ulcer disease), kidney problems (polyuria, nephrolithiasis), and musculoskele-
tal complaints (arthralgias, myalgias, weakness.) The symptoms of hyper-
parathyroidism can be remembered as: stones (kidney), moans (abdominal
pain), groans (myalgias), bones (bone pain), and psychiatric overtones.
Diagnosis can be established by finding hypercalcemia and hypophosphatemia,
with inappropriately elevated PTH levels. Symptomatic patients can be treated
with parathyroidectomy.

APPROACH TO CALCIUM METABOLISM

Objectives

1. Be familiar with calcium metabolism.
2. Know about regulation of serum calcium including the roles of

parathyroid hormone and calcitonin.
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Definitions

Calcitonin: A polypeptide hormone of 32-amino acid residues that is syn-
thesized in the parafollicular cells (C cells) of the thyroid gland.
Calcitonin is secreted in response to elevated blood Ca2+ levels.

IP3: Inositol 1,4,5-trisphosphate (inositol trisphosphate); a second messen-
ger released by the action of phospholipase C on phosphatidylinositol
4,5-bisphosphate (PIP2). IP3 will bind to receptors on the endoplasmic
reticulum (ER) to cause the rapid efflux of Ca2+ from the ER into the
cytoplasm.

Phosphoinositide cascade: The sequence of events that follow the binding
of a hormone to a receptor that acts via a Gq-protein. Hormone binding
to the Gq-coupled receptor activates phospholipase C, which cleaves
PIP2 to IP3 and diacylglycerol, both of which are second messengers.

PTH: Parathyroid hormone; an 84-amino acid polypeptide hormone that is
synthesized in the parathyroid gland and is secreted in response to
low blood Ca2+ levels. PTH acts to increase the Ca2+ concentration in
the blood by stimulating osteoclast formation and activity, thus releasing
bone calcium and phosphate into the blood.

Vitamin D: Vitamin D3, a secosteroid (a steroid in which one of the rings has
been opened) formed by the action of UV light on 7-dehydrocholesterol.
The active form of vitamin D is the hormone 1,25-dihydroxycholecalciferol
(calcitriol), formed in the kidney in response to elevated PTH levels. It
binds to nuclear receptors in intestine, bone, and kidney to activate the
expression of calcium-binding proteins.

DISCUSSION

Owing to the critical importance of calcium ion in a wide range of physiologic
processes, blood calcium ion concentrations are tightly regulated.
Hypocalcemia rapidly leads to muscle spasm, tetany, cardiac dysfunction,
and numerous other symptoms. About half of the calcium ions in blood are
bound to protein, and half are in the unbound state. Blood calcium ion con-
centrations are close to 1 mM, a value 10,000 times higher than free calcium
ion concentrations in the cytoplasm. Normal calcium and phosphate concen-
trations in blood are near their solubility limit. Thus elevation in these levels
leads to precipitate formation and organ damage.

Intracellular calcium ion is largely sequestered within mitochondria
and the lumen of the endoplasmic reticulum. Inositol trisphosphate (IP3)—
a second messenger of hormones that acts via stimulation of the phospho-
inositide cascade (Figure 51-1)—binds its receptor on the endoplasmic
reticulum membrane, triggering a rapid efflux of calcium ion from this intra-
cellular store into the cytoplasm. The calcium-binding protein calmodulin
senses fluctuations in intracellular calcium ion concentration by altering its
conformation, thus influencing activities of its numerous enzyme ligands,

CLINICAL CASES 455



including the calcium ATPase. This spike in intracellular calcium concentra-
tion is restored to the resting level by the activity of calcium transporters
including the calcium ATPase and the sodium/calcium exchanger.

Parathyroid hormone (PTH) plays a crucial role in regulating concentra-
tions of calcium and phosphorus in the extracellular fluid. The major signal for
parathyroid hormone release is low extracellular levels of free calcium ion.
PTH acts on 3 major targets—small intestine, kidney, and bone—to restore
calcium ion concentrations in the extracellular fluid to the normal range if they
fall too low.
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Figure 51-1. The phosphoinositide cascade. Binding of hormone to the Gq-
coupled receptor leads to the activation of phospholipase C, which hydrolyzes
PIP2 in the membrane to release the two second messengers, DAG and IP3.



PTH acts by binding its 7-helix plasma membrane receptor to activate
the adenylate cyclase/protein kinase A signaling system. In some tissues
receptor binding is also coupled to the phosphoinositide signaling system to
activate protein kinase C.

PTH is synthesized as a 115-amino acid preprohormone in the chief cells
of the parathyroid gland, where it is processed by proteolysis to an active 84-
amino acid polypeptide and packaged in secretory vesicles. When blood cal-
cium ion levels fall below normal, the active hormone is secreted by
exocytosis into the blood. The parathyroid cell monitors calcium ion levels by
means of a calcium-sensing receptor in the plasma membrane. Phosphate ion
is a much less significant regulator of PTH secretion and does so by an indi-
rect mechanism. Within seconds of calcium binding its receptor on the chief
cells of the parathyroid gland, PTH secretion is decreased. Within a matter of
hours, transcription of the preprohormone messenger ribonucleic acid
(mRNA) diminishes. If hypocalcemia persists over days and months, the
parathyroid gland enlarges in an effort to increase PTH production.

Bone serves as a vast reservoir of calcium in the body. Approximately
1 percent of calcium in bone can rapidly exchange with extracellular calcium ion.
PTH stimulates demineralization of bone and release of calcium and
phosphate into the blood by stimulating osteoclast formation and activity.
This process is synergistically enhanced by vitamin D.

PTH also acts to increase absorption of calcium ion by the small intes-
tine. It does this indirectly by promoting the formation of active vitamin D in
the kidney. PTH acts on the final, rate-limiting step in vitamin D synthesis, the
formation of 1,25-dihydroxycholecalciferol in the kidney. If PTH is low, for-
mation of the inactive derivative, 24,25-dihydroxycholecalciferol, is stimulated
instead. Vitamin D acts on intracellular receptors in the small intestine to
increase transcription of genes encoding calcium uptake systems, to up-regulate
their expression.

The kidney plays a critical role in calcium homeostasis. PTH acts directly
on the kidney to suppress calcium ion excretion in the urine by maximiz-
ing tubular calcium reabsorption. It increases phosphate ion excretion in the
kidney (phosphaturic effect) to prevent excessive accumulation of this anion
released during bone demineralization.

Hyperparathyroidism results from oversecretion of PTH. This condition
leads to excessive bone turnover and demineralization and must be treated by
removal of the parathyroid gland. The disorder is classified into primary, sec-
ondary, and tertiary hyperparathyroidism. Sporadic primary hyperparathy-
roidism is the third most common endocrine disorder, after diabetes and
hyperthyroidism. It is most common in females older than 55 years of age and
the leading cause is a single adenoma, which secretes the hormone constitu-
tively, without regulation. Symptoms can include osteopenia and bone frac-
tures, renal stones resulting from hypercalciuria, peptic ulcer disease, and
pancreatitis. In milder cases, patients are asymptomatic or suffer only muscle
weakness, fatigue, and/or depression.
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Secondary hyperparathyroidism arises from chronic hypocalcemia. This
condition can result from renal failure leading to poor reabsorption of calcium
from the urinary filtrate. It can also arise from poor nutrition or malabsorption
of vitamin D by the intestine. In response, parathyroid glands increase their
secretion of PTH. This condition also leads to decalcification of bone. Tertiary
hyperparathyroidism is often seen after renal transplantation. In these patients,
the parathyroid gland secretes the hormone independently of blood calcium
levels.

Paradoxically, although chronic exposure to high PTH levels leads to
bone decalcification, administration in pulses, as a once-a-day injection,
stimulates an increase in bone mass. This treatment is now used as an effec-
tive therapy for osteoporosis. Calcitonin, secreted by the parafollicular C cells
of the thyroid gland, opposes effects of PTH. Calcitonin is secreted when
blood levels of calcium are too high, and it acts to suppress reabsorption of cal-
cium in the kidney and inhibit bone demineralization. However, in humans, it
plays a minor role in regulating blood levels of calcium ion.

COMPREHENSION QUESTIONS

[51.1] A 54-year-old patient complained of muscle weakness, fatigue, and
depression. She had a recent episode of renal stones and a bone scan
revealed osteopenia. She had not yet entered menopause. She has taken
a daily multivitamin tablet plus an additional 500 mg of calcium citrate
for the past 20 years. Results from blood chemistry analysis indicated
elevated levels of serum calcium ion. Urinalysis indicated phospha-
turia. The patient’s symptoms are most likely caused by which of the
following?

A. Excessive intake of vitamin D
B. Excess synthesis of parathyroid hormone
C. Excessive intake of calcium
D. Excess synthesis of calcitonin
E. Excess intake of phosphate

[51.2] Before the introduction of vitamin D-fortified milk, children who spent
most of their time indoors often developed rickets. In these vitamin D-
deficient children, the most likely explanation for their bone malfor-
mations is which of the following?

A. Excessive renal excretion of calcium
B. Excessive renal excretion of phosphate ion
C. Inadequate uptake of calcium in the intestine
D. Lack of weight-bearing exercise
E. Excessive renal tubular reabsorption of calcium
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[51.3] Why can excessive ingestion of phosphate-containing soft drink in oth-
erwise well-nourished individuals lead to decreased bone density?

A. Increased levels of blood phosphate ion interact with sensors on the
membrane of parathyroid cells to stimulate parathyroid hormone
release.

B. Phosphate ion binds the active site on calcium transporters in the
intestine, inhibiting their ability to transport calcium.

C. Phosphate ion depletes cellular levels of ATP resulting in inhibition
of Ca2+–ATPase calcium transporters.

D. Phosphate ion spontaneously forms an insoluble precipitate with
calcium ion, decreasing its absorption in the intestine.

E. Phosphate ion is excessively incorporated into bone, weakening its
structure.

Answers

[51.1] B. Hyperparathyroidism is the likely cause of all of the patient’s
symptoms. Increased parathyroid hormone leads to bone demineral-
ization, increased calcium uptake from the intestine, increased blood
levels of calcium, decreased calcium ion excretion by the kidney, and
increased phosphate excretion in the urine. Increased blood calcium
levels caused renal stones, while bone demineralization progressed to
osteopenia. The patient’s intake of calcium and vitamin D are not
excessive. Calcitonin acts to decrease bone demineralization. Muscle
weakness and depression reflect the widespread role of calcium ion
in many physiologic processes.

[51.2] C. The major action of vitamin D is to increase absorption of calcium
from the small intestine. Deficiency of the vitamin leads to low blood
calcium levels, stimulation of parathyroid hormone secretion, and
acting synergistically, promotion of bone demineralization. Renal
excretion of calcium is decreased by hypocalcemia but elevated
parathyroid hormone levels promote renal excretion of phosphate, to
prevent excessive accumulation of this product of bone demineraliza-
tion. Although lack of exercise decreases bone density, it does not
lead to rickets if vitamin D is sufficient.

[51.3] D. Precipitate formation effectively decreases available calcium ion.
Because of widespread consumption of soft drinks rather than water
by school age children aided by school vending machines, this con-
sequence is of concern.
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BIOCHEMISTRY PEARLS

❖ Intracellular calcium ion is largely sequestered within mitochondria
and the lumen of the endoplasmic reticulum.

❖ PTH acts on three major targets—small intestine, kidney, and
bone—to restore calcium ion concentrations in the extracellular
fluid to the normal range if they fall too low.

❖ Hyperparathyroidism causes elevated levels of calcium and
phosphate.

❖ PTH acts by binding its 7-helix plasma membrane receptor to acti-
vate the adenylate cyclase/protein kinase A signaling system.

❖ PTH stimulates demineralization of bone and release of calcium and
phosphate into the blood by stimulating osteoclast formation
and activity, increases small bowel absorption of calcium ion,
and acts directly on the kidney to suppress calcium ion excretion
in the urine.
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❖ INDEX

Note: Page numbers followed by f or t indicate figures or tables, respectively.

A
A-site, 84, 86, 86f
Abacavir, 50
Abdominal pain

in acetaminophen overdose, 366
in gallstone disease, 284
in hyperparathyroidism, 454
in hypertriglyceridemia, 319–320
in irritable bowel syndrome,

225–226
in pancreatitis, 172
in porphyria, 399–400

Abdominal striae, 444
Acceptor control, 132
Acetaminophen

metabolism, 369–370, 370f
overdose, 365–366
removal pathways, 367–369,

368f, 369f
Acetoacetate, 235, 330–331, 332f
Acetoacetyl-CoA, 331
Acetone, 235
Acetonitrile, 153
N-Acetyl benzoquinoneimine,

369–371, 370f
Acetyl coenzyme A (acetyl-CoA), 133,

134f, 135
in β-oxidation, 191–192
cholesterol synthesis and, 313, 314f
in fasting state, 331–333, 332f, 333f
thiamine deficiency and, 143

N-Acetylcysteine, 365–366, 371
N-Acetylgalactosamine, 257f, 258f

N-Acetylglucosamine, 267
N-Acetylglucosaminyl-

1-phosphotransferase, 259t
N-Acetylneuraminic acid, 254, 255
Acid–base balance, 360
Acidemia, 132
Acidosis

in Addison disease, 439
lactic, 50, 135
in malignant hyperthermia, 163–164
metabolic, 131–132, 163–164
in septic shock, 131–132

Acinar cells, 173
Acinus, 173
Aconitase, 133, 134f
Acromegaly, 423–428
ACTH (adrenocorticotropic hormone),

436–439, 438f, 444, 447, 447f
Actin, 166
Acute fatty liver of pregnancy,

179–181, 185
Acute intermittent porphyria, 399–400,

404t, 405
Acute myocardial infarction, 242–252
Acute pancreatitis, 171–176
Acute renal failure

in acute fatty liver of pregnancy,
179–180

rhabdomyolysis and, 194
Acyclovir, 57, 60
Acyl-CoA (cholesterol acyl transferase;

ACAT), 277, 288
Addison disease, 435–441

Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use. 



Adenine, 19, 27t
Adenine phosphoribosyltransferase

(APRT), 393
Adeno-associated virus, for gene

transfer, 80–81
Adenoma, 444

parathyroid, 454
pituitary, 449

Adenopathy, in HIV infection, 46
Adenosine, 40, 393, 394f
Adenosine deaminase, 80, 395
Adenosine diphosphate. See ADP
Adenosine monophosphate. See AMP
Adenosine 5’-phosphosulfate, 369
Adenosine triphosphate. See ATP
Adenosine triphosphate-sulfurylase,

369, 369f
Adenosine triphosphate synthase,

149–152, 150f, 166, 192, 369
Adenovirus, for gene transfer, 80
Adenylate cyclase, 180

activation of, 70, 70t
blood glucose and, 182
cortisol release and, 438, 438f
in ovarian cycle, 431
thyroid hormones and, 411

ADH (antidiuretic hormone),
418–419

Adipose tissue
in fed state, 329, 330f
in postfeeding fast, 331f
in starvation, 334, 334f

ADP (adenosine diphosphate)
in amino acid catabolism, 342
in ATP formation, 150–151, 150f
in carbon monoxide poisoning, 160
in malignant hyperthermia, 166
oxidative phosphorylation and, 135
in rhabdomyolysis, 190, 192

ADP/ATP translocase, 150f,
151–152, 152t

Adrenal hyperplasia, 443–449
Adrenal insufficiency, 435–441
Adrenocorticoid deficiency, 435–436
Adrenocorticotropic hormone (ACTH),

436–439, 438f, 444, 447, 447f
Aerobic glycolysis, 245
Aerobic metabolism, 133–135, 134f
Agarose gel, 78

Agitation, in cyanide poisoning,
147–148

Alanine, 342, 378t
Albinism, 351
Albumin, thyroid hormones and, 71
Alcohol consumption

folic acid deficiency and, 35–43
pancreatitis and, 172
porphyrias and, 405
thiamine deficiency and, 139–140,

143–144
Aldolase A, 220
Aldolase B, 220–221, 220f
Aldolase B deficiency, 217–224
Aldolase C, 220
Aldosterone, 418, 420, 439
Allopurinol, 392, 394f, 395
Allosteric effectors, 11
Alloxanthine, 395
α-amylase, 172–174, 219
α1-antitrypsin deficiency, 340
α-galactosidase A, 259t
α globin chains, 12
α-helices, 12
α-ketoglutarate, 133, 134f, 249, 341
α-ketoglutarate dehydrogenase (α-

KDGH), 133, 134f, 142, 142f
α-limit dextrin, 174
α-subunit, G protein, 69, 69f
α-thalassemia, 114
Amenorrhea, in anorexia nervosa, 356
Amino acid-derived hormones, 68
Amino acid side chains, 12, 19
Amino acids

branched-chain, 388
catabolism, 341–344, 342f,

358–359, 359f
in cellular signaling, 361
dietary sources, 378–379
essential, 376–381, 378t
in metabolic process, 357–358, 358f
negative protein balance and,

357–361
nonessential, 376, 377, 378t
nucleotide codon, 48
utilization, 360–361, 377–378
vegetarian diet and, 375–381

Aminoacyl tRNA, 48
Aminoglycosides, 88, 124
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Aminolevulinic acid (ALA), 400,
402, 403f

Aminolevulinic acid dehydratase
(ALAD), 400, 402

Aminolevulinic acid dehydratase
deficiency porphyria, 404t, 405

Aminolevulinic acid synthase (ALAS),
400, 402

Aminopterin, 30
Aminotransferase, 341, 358
Ammonia, 342–344, 343f
AMP (adenosine monophosphate)

oxidative phosphorylation and, 135
purine catabolism and, 393–395, 394f
in rhabdomyolysis, 190, 192

AMP deaminase, 221, 221f
Amplification refractory mutation

system (ARMS), 115
Amylase, 171–176, 219
Amylopectin, 228
Amylose, 228
Amytal, 152t
Anaerobic glycolysis, 132–133,

245, 249, 250f
Anaerobic metabolism, 135–136, 136f
Anaphase, 29
Androgens, 68, 314f
Anemia

in anorexia nervosa, 356
hemolytic, 209–216
iron deficiency, 112
macrocytic, 35–43
megaloblastic, 33, 37, 383–384
sickle cell, 9–15
in thalassemia, 112

Anencephaly, 36
Anesthesia, malignant hyperthermia

and, 164
Aneuploidy, 107
Angina, 245, 274
Angiotensin converting enzyme,

418, 420
Angiotensin I, 419, 420
Angiotensin II, 419, 420
Angiotensin III, 419
Angiotensinogen, 419
Anion gap, 191
Annealing, 56, 58, 59f
Anorexia nervosa, 355–363

Anterior pituitary. See Pituitary
Antibiotics

quinolones, 94–95, 95f, 97f
resistance to, 88
sites of action, 86f, 87–88

Anticodon, 85
Antidiuretic hormone (ADH), 418–419
Antimycin A, 152t
Antithrombotic activity, of aspirin,

294–295
Antithyroid drugs, 71–72
Apolipoprotein, 274
Apolipoprotein C-II, 320
Apolipoprotein E, 277, 320–321
Apoproteins, 275, 276t
Apoptosis, 430
Arabinose, 226, 228
Arachidonate, 296–297
Arachidonic acid, 296
Arginase, 343
Arginine, 360, 361, 377, 378t
Argininosuccinase, 343, 343f
Argininosuccinate, 343, 343f
ARMS (amplification refractory

mutation system), 115
Arrhythmia, in malignant

hyperthermia, 164
Arthritis, gouty, 391–397
Ascites, in cirrhosis, 340
Ascorbic acid deficiency, 43
Asparagine, 358, 378t
Aspartate, 31f, 341, 343f, 378t
Aspartate transaminase, 341
Aspirin, 294–295, 298f, 299
Asterixis, 340
Ataxia

in megaloblastic anemia, 384
in thiamine deficiency, 139–140

ATP (adenosine triphosphate)
adenylate cyclase and, 70
anaerobic glycolysis and, 135
in carbon monoxide poisoning, 160
in fructose intolerance, 221
in glycolysis, 133
in malignant hyperthermia, 166, 166f
oxidative phosphorylation and,

135–136, 235
phosphorylation from ADP and P1,

150–151, 150f

INDEX 469



ATP (adenosine triphosphate) (Cont.):
in pyruvate kinase deficiency, 210
thiamine activation and, 141, 141f
thyroid hormones and, 412–413

ATP-sulfurylase, 369, 369f
ATP synthase, 149–152, 150f,

166, 192, 369
Atractyloside, 152, 152t
Autoimmune disorders, thyroid disease

and, 411
Autonomic neuropathy, 400
Avidin, 43
Azidothymidine (AZT), 52

B
Back pain, in septic shock, 131–132
Bacteria, resistance to antibiotics, 88
Base pairs, 18, 19
Bases, 27
Basic science, application to clinical

setting, 3–6
Beri beri, 140
β-N-acetylhexosaminidase, 259t
β-adrenergic antagonists, for hyperthy-

roidism, 66
β globin chains, 12
β-globin gene, 113–114, 114f
β-glucosidase, 259t
β-glycosidase, 219
β-hydroxybutyrate, 235, 330, 332f
β-lipotropin, 439
β-oxidation, 135, 191–192

in fasting state, 331–333, 333f
gluconeogenesis and, 235–237, 237f

β-sheets, 12
β-subunit, G protein, 69, 69f
β-thalassemia, 111–118
Bile acids, 285, 287, 288f, 304
Bile salts

cholestasis of pregnancy and,
303–306

conjugation, 287f
functions, 305
gallstones and, 284
synthesis, 285–289, 286f

Biliary disease, pancreatitis and, 172
Biliary sludge, 173
Bilirubin, in pyruvate kinase

deficiency, 210

Biochemistry, approach to learning,
3–6

Biotin, 43, 192
1,3-Bisphosphoglycerate, 135,

246f, 250f
2,3-Bisphosphoglycerate, 13, 211
Bloating, in irritable bowel syndrome,

225–226
Blood glucose. See also Glucose

metabolism
in diabetes mellitus. See Diabetes

mellitus
Somogyi effect and, 234–238, 236f

Blotting, 76, 78–79
Body image, in anorexia nervosa, 356
Bone pain, in hyperparathyroidism,

454
Bongkrekate, 152t
Borrelia burgdorferi, 84
Bradycardia, in anorexia nervosa, 356
Brain

energy requirements, 329
glycerol 3-phosphate shuttle and,

247–248, 247f
starvation and, 335

Branched-chain α-ketoacid dehydroge-
nase, 142, 142f

Branched-chain amino acids, 388
Branching enzyme, 181
BRCA gene mutation, 103–109
Breast cancer, 103–109
Bulimia, 356

C
Café au lait, 122
Calcitonin, 455, 458
Calcitriol, 68. See also Vitamin D
Calcium ATPase, 456
Calcium bilirubinate, 284
Calcium channel, 165
Calcium regulation, 455–458, 456f
Calcium signaling, 165
Calmodulin, 455
cAMP (cyclic adenosine

monophosphate)
adenylate cyclase and, 80
in diabetes insipidus, 420
in fructose intolerance, 221, 221f
in glycogenolysis, 182, 184f
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in ovarian cycle, 431
in thyroid regulation, 70–71

Cancer, breast, 103–109
Candida esophagitis, 45–46
Carbamoyl phosphate, 343, 343f
Carbanion, 140
Carbohydrates

catabolism, 133
metabolism

amylase and, 172–174
glycogen and, 235–237, 236f, 237f
growth hormone and, 425–426
pentose phosphate pathway, 143,

143f
thyroid hormones and, 71

Carbon dioxide
for carbon monoxide poisoning, 160
in purine base ring system, 31f
in tricarboxylic acid cycle, 134f

Carbon monoxide, 152t, 153
Carbon monoxide poisoning, 157–160
Carbonic anhydrase, 173
Carboxyhemoglobin, 159
Carboxyl ester lipase, 173
Cardiac dysfunction

in acromegaly, 424
hypocalcemia and, 455
in malignant hyperthermia, 164

Cardiomyopathy, in acromegaly, 424
Carnitine, 360
Carnitine-palmitoyl transferase 1

(CPT 1), 185
Carnitine shuttle, 332–333, 333f
Catecholamines, 68
Cationic liposomes, 80
CD4 helper T cell, 46
CDKs (cyclin-dependent kinases), 29
cDNA (complementary DNA), 76
Celecoxib, 299
Cell-associated receptors, 68
Cell cycle, 26–31, 28f

BRCA1 gene and, 107
p53 tumor suppressor and, 106

Cell-surface receptors, 69
Cellobiose, 227f
Cellular signaling, amino acids in, 361
Cellulose, 226–229, 227f
Centrosome amplification, BRCA1

gene and, 107

Ceramidase, 259t
Ceramide, 254–255, 256f, 257f
Cerebrosides, 255, 257f
Cervical motion tenderness, 94
Chargaff rule, 18
Chenodeoxycholic acid, 285, 286f,

305, 306f
Chest pain

in hypertensive emergency, 148
in myocardial infarction, 243–244

Chills, in septic shock, 131–132
Chlamydia, 94
Chloramphenicol, 88
Chloride, in cystic fibrosis, 78
Cholecalciferol, 315f
Cholecystokinin receptors, 173
Cholelithiasis, 287–289
Cholestasis of pregnancy, 303–306
Cholesterol

bile acid synthesis and, 285–287,
286f, 287f

cholelithiasis and, 287–289
synthesis, 275, 313, 314f

Cholesterol 7 α-hydroxylase
(CYP7A1), 285, 286f, 287

Cholesterol stones, 284
Cholestyramine, 304, 305, 306
Cholic acid, 285, 286f, 305
Chondroitin sulfate, 266t
Chromatin, 97
Chromosomes, 98–99
Chylomicrons. See Very-low-density

lipoprotein
Ciprofloxacin, 95, 100
Cirrhosis, 339–346
Cis-response elements, 68
Citrate synthase, 133, 134f
Citric acid cycle. See Tricarboxylic

acid (TCA) cycle
Citrulline, 342–343, 360
Clathrin, 277
CLIP (corticotropin-like intermediary

peptide), 438
Cloning, gel electrophoresis and,

76–81
Coagulopathy, in acute fatty liver of

pregnancy, 180
Cobalamin. See Vitamin B12
Codon, 85, 86

INDEX 471



Coenzyme Q (ubiquinone), 149, 150,
153, 245, 248

Colchicine, 393, 395
Cold intolerance, in hypothyroidism,

409–410
Colipase, 173
Coma, hepatic, 179–180
Common bile duct, 173
Complementary DNA (cDNA), 76
Confusion, in thiamine deficiency,

139–140
Congenital erythropoietic porphyria,

404t
Conjugated bile salts, 305
Constipation

in hypothyroidism, 409–410
in irritable bowel syndrome,

225–226
Cooley anemia, 112
Coombs test, 210
Copper ions, 151
Coproporphyrinogen, 403f
Coproporphyrinogen oxidase (CPO),

401, 403
Cori cycle, 192
Cori disease, 187
Coronary heart disease

in acromegaly, 424
hypercholesterolemia and, 274
myocardial infarction and, 244

Corpus luteum, 431, 432f
Corticosteroid(s), 68, 304, 437
Corticosteroid-binding globulin (CBG),

448
Corticotropin-like intermediary peptide

(CLIP), 438
Corticotropin-releasing hormone

(CRH), 437–439, 444,
447–448, 447f

Cortisol (hydrocortisone)
in Addison disease, 436–439
in Cushing syndrome, 443–444,

448–449
functions, 437, 448
release, 437–438, 438f
synthesis, 445–447, 446f

Cough, in influenza, 18
Coupled oxidative phosphorylation, 149
Coupled respiration, 151

Coxibs (cyclooxygenase-2 inhibitors),
294–296, 298f, 299

Creatine, 360
Creatine kinase, 245
Creatine phosphokinase (CPK),

189–190, 312
CRH (corticotropin-releasing

hormone), 437–439, 444,
447–448, 447f

Cushing disease, 444
Cushing syndrome, 439, 443–449
Cyanide ion, 152, 152t
Cyanide poisoning, 147–148,

152–153, 153f
Cyclic adenosine monophosphate.

See cAMP
Cyclin-dependent kinases (CDKs), 29
Cyclins, 29
Cyclooxygenase-1 (COX-1) inhibitors,

294–295, 298f, 299
Cyclooxygenase-2 (COX-2) inhibitors,

294–296, 298f, 299
Cysteine, 378t
Cystic fibrosis, 75–82
Cystic fibrosis transmembrane

conductance regulator (CFTR),
76–78

Cystinosis, 257
Cytidine, 21f
Cytochrome(s), 149, 151–152, 151f, 312

in carbon monoxide poisoning,
159–160

Cytochrome c, 149
Cytochrome c reductase, 149
Cytochrome P450 enzyme system, 312,

313, 366, 369–370, 370f
Cytosine, 19, 27t

D
DAG (diacylglycerol), 70, 420, 455
Dantrolene, for malignant

hyperthermia, 164, 167, 167f
Debranching enzyme, 181, 182–183
Decarboxylation, 140
Deer tick, Lyme disease and, 84
Dehydration

in Addison disease, 439
in diabetes insipidus, 419
rhabdomyolysis and, 190–194
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7-Dehydrocholesterol, 313, 315f
Dehydrogenase (definition), 141
Dehydrogenate complex, 142
3-Dehydrosphinganine, 255, 256f
Delavirdine, 50
Deletion, 123, 125, 126
Dementia, thiamine deficiency

and, 140
Denaturation, 57, 58, 59f
Deoxycholic acid, 286f, 288–289, 306f
Deoxyribose, 27t
Deoxyribose nucleic acid. See DNA
Deoxythymidine 5’-monophosphate

(dTMP), 37
Deoxythymidylate (dTMP), 27, 30f, 31
Deoxyuridine 5-monophosphate

(dUMP), 37
Dermatan sulfate, 266t
Desmopressin acetate, 418
Developmental delay, in phenylke-

tonuria, 348
Dexamethasone suppression test,

444, 445
DHF (dihydrofolate), 30, 30f, 38
DHFR (dihydrofolate reductase), 26,

27, 30, 37, 38
Diabetes insipidus, 417–422
Diabetes mellitus, 197–207, 200–204f

in Cushing syndrome, 444
glucose homeostasis mechanisms

in, 238
hypoglycemia in, 233–234

Diacylglycerol (DAG), 70, 420, 455
Diaphoresis, in cyanide poisoning,

147–148
Diarrhea

in irritable bowel syndrome,
225–226

in megaloblastic anemia, 384
Didanosine, 50
Dideoxyribonucleotide triphosphates

(ddNTPs), 79
Dietary fiber, 226–231, 227f
Diglyceride, 329
Dihydroceramide, 256f
Dihydrofolate (DHF), 30, 30f, 38
Dihydrofolate reductase (DHFR), 26,

27, 30, 37, 38
Dihydrolipoyl dehydrogenase, 142

Dihydrolipoyl transacetylase, 142
Dihydropteridine reductase, 348, 350
Dihydroxyacetone phosphate, 246,

246f, 250f
1,25-Dihydroxycholecalciferol,

313, 315f, 457
Dihydroxyphenylalanine (DOPA), 351,

351f
Diiodotyrosine, 412f
Disaccharides, 218, 219
Disease, approach to, 3
Disseminated intravascular

coagulation, 181
Disulfide bonds, in protein structure,

12
Dizziness, in hemolytic anemia, 210
DNA (deoxyribose nucleic acid), 27

folate and, 37–38
methylation, 38, 123, 126
mutations, 105–107
polymerase, 20
recombinant technology, 80–81
replication, 19–20, 46, 47, 105
sequencing methods, 79–80
structure, 19–20
synthesis, 31
transcription, 47–48, 47f, 85

DNA gyrase, 94, 96, 97
DNA polymerase, 48–49, 105

herpes simplex virus, 57
Taq, 57

DNase, 173
Dopamine, 360
Dopaquinone, 351, 351f
Double helix, 19
Double-strand breaks (DSBs),

106, 107
Drug metabolism, 367
Drug toxicity, 367
Dry skin

in anorexia nervosa, 356
in hypothyroidism, 409–410

Dwarfism, 269, 426
Dyslipidemia, in diabetes, 205
Dyspnea, hyperlipidemia and, 274

E
Ecchymosis, 445
Ectopic ACTH syndrome, 445
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Edema
in anorexia nervosa, 356
in kwashiorkor, 328

Efavirenz, 50
Effector, 67, 69
Eicosanoids, 295
Electron shuttles, 245, 247–248,

247f, 248f
Electron transport system (ETS), 133,

135
in β-oxidation, 191–192
carbon monoxide poisoning and,

158–160
components, 149–152, 150f
cyanide ion and, 151–152
in malignant hyperthermia, 166, 166f

Electrophoresis, 77, 78
Electrostatic interactions, in protein

structure, 12
Elongation, in protein synthesis, 58,

59f, 86
Elongation factor (EF), 48, 85
Embden-Meyerhof pathway. See

Glycolytic pathway
Encephalopathy

in acute fatty liver of pregnancy, 181
hepatic, 339–340

Endocytosis, receptor-mediated, 277
Endoglycosidase, 264
Endonucleases, polymerase chain

reaction and, 57, 60, 116
Endoplasmic reticulum, cholesterol

synthesis in, 275
Endosaccharidase, 173
Endosome, 267, 277
Enkephalins, 68
Enolase, 246f, 250f
Enterocytes, 360
Env gene, 50
Envelope proteins, 50
Enzymes, 5. See also specific enzymes

digestive, 173–174
lysosomal, 264–265, 277
mitochondrial, 133, 341–342
restriction, 57, 60

Epinephrine, 234
in glycogen breakdown, 182, 184f,

185, 238, 239f
synthesis, 38, 360

Epoxide hydrase, 367
Erythrocytes. See Red blood cells
Erythromycin, 84, 88–89, 90f
Erythropoiesis, 113
Erythropoietic porphyria, 404t
Erythrose 4-phosphate, 143
Esophagitis, candida, 46
Essential amino acids, 376–381, 378t.

See also Amino acids
Essential fructosuria, 218, 220
Estradiol, 430, 431
Estrogen(s), 68

in ovarian cycle, 429–433, 432f
synthesis, 314f

Ethidium bromide staining, 78
ETS. See Electron transport system
Eukaryotes

protein synthesis and, 87–88, 87t
structure, 97

Exoglycosidase, 264
Exons, 47, 48

F
Fabry disease, 259t
Facilitative diffusion, glucose

transporters and, 219
FAD (flavine adenine dinucleotide),

142, 142f, 150
in fatty acid oxidation, 332
in glycerol 3-phosphate shuttle,

247–248, 247f
in tricarboxylic acid cycle, 133–135,

134f
Familial hypercholesterolemia, 278
Farber disease, 259t
Fasting state, 329–333, 331–333f
Fatigue

in Addison disease, 435–436, 439
in carbon monoxide poisoning,

157–158
in folic acid deficiency, 36
in HIV infection, 46
in hypothyroidism, 409–410
in megaloblastic anemia, 384
in rhabdomyolysis, 189–190

Fatty acids
acute fatty liver in pregnancy and,

181–185
gluconeogenesis and, 236–237, 237f
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metabolism and mobilization,
329–335, 330–334f

pancreatic lipase and, 174
uncoupling proteins and, 166

Ferrochelatase, 401, 403
Fertilization, 431–433
Fetal hemoglobin, 14–15, 113, 114f
Fetus

cholestasis of pregnancy and,
303–306

inborn error in fatty acid metabo-
lism, 181, 185

neural tube defects, 36, 43
Fever

in influenza, 18
in Lyme disease, 84
in septic shock, 131–132

Fiber, dietary, 226–231, 227f
Flavin adenine dinucleotide. See FAD
Flavin cofactor, 151
Flavin mononucleotide (FMN), 150
Fluoroquinolones, 95, 95f
Flurbiprofen, 299
FMN (flavin mononucleotide), 150
FMR1 gene, 126
Foci, 107
Folic acid. See also Tetrahydrofolate

absorption, 40, 41f
deficiency, 35–43
metabolism, 40, 387, 387f
methotrexate and, 25–27
sources, 40

Formyl-methionine-tRNA, 48
Formyl tetrahydrofolate, 31f, 33,

38, 40f
Fragile X mental retardation (FMR)

protein, 122, 126
Fragile X syndrome, 121–128
Frameshift mutation, 113, 125, 125t
Free fatty acids, 321, 322f
Fructokinase, 218, 220, 220f
Fructose 1-phosphate, 220–221, 220f
Fructose 1,6-bisphosphatase, 204
Fructose 1,6-bisphosphate, 192, 193f,

197f, 203f, 246f, 250f
Fructose 1,6-bisphosphate aldolase,

246, 246f, 250f
Fructose 2,6-bisphosphate, 199, 202,

204

Fructose 6-phosphate, 143, 202f, 246f,
250f

Fructose intolerance, 217–224
Fructose metabolism, 219–220, 220f
FSH (follicle-stimulating hormone),

430–433
Full mutation, 122, 126
Fumarase, 134f, 135
Fumarate, 135, 343, 343f

G
G protein(s), 67, 69–70, 70t
G protein–coupled receptor, 70, 411
G0 phase, cell cycle, 29
G1 phase, cell cycle, 28, 28f
G2 phase, cell cycle, 28, 28f
Gag gene, 50
Galactose, 219, 226, 228
α-Galactosidase A, 259t
Gallstones, 171–176, 283–289
γ-glutamylcysteine synthetase, 371,

371f
γ-subunit, G protein, 69, 69f
Gangliosides, 254–258, 257f, 258f
Gangliosidoses, 255
Gastritis, NSAID-associated, 293–295
Gaucher disease, 259t
GDP (guanosine diphosphate), 67,

69–70, 69f, 342
Gel electrophoresis, 76, 77, 78
Gene amplification, 106
Gene therapy, for cystic fibrosis, 80–81
Genetic disorders

fragile X syndrome, 121–128
sickle cell disease, 9–15
Tay-Sachs disease, 253–261

Gentamicin, 88
Ghrelin, 424, 425
Giantism, 426
Globin, 11, 12
Globin fold, 11, 12
Glucagon, 68, 199

glycogen mobilization and, 182,
184f, 185

in glycogenolysis and
gluconeogenesis, 203, 203f

insulin and, 200, 200f
pancreas and, 173
protein kinase A and, 238
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Glucocorticoids, 313, 314f
Glucokinase, 193f
Gluconeogenesis, 191, 193f, 203–204,

203f
in hypoglycemic state, 235–236,

236f
hypoxemia and, 192
in postfeeding state, 330–333,

331–332f
in starvation, 333–335, 334f

Glucose. See also Glucose metabolism
diabetes mellitus and, 197–207,

200–204f
fructose intolerance and, 219–221
Somogyi effect and, 233–240, 236f

Glucose 1-phosphate, 182f, 183, 202f
Glucose 6-phosphatase, 193f, 448
Glucose 6-phosphate, 182f, 183, 235,

246f, 250f
Glucose 6-phosphate dehydrogenase,

211
Glucose 6-phosphate isomerase, 211,

246f, 250f
Glucose metabolism

in fed state, 329, 330f
in liver, 181–185, 182f, 184f
in postfeeding fast, 329–333,

331–333f
by red blood cells, 211–213, 212f
regulation, 199–205, 200–204f
in starvation, 333–335, 334f
thiamine deficiency and, 144

Glucuronic acid, 367
GLUT 1 (glucose transporter),

200–201
GLUT 2 (glucose transporter), 180,

181, 201, 220, 234
GLUT 4 (glucose transporter), 201
GLUT 5 (glucose transporter), 219
Glutamate, 13, 40, 377, 378t
Glutamate-aspartate antiporter,

248f, 249
Glutamate dehydrogenase, 341–342
Glutamate-oxaloacetate transaminase,

248f, 249
Glutamine, 378t

in purine base ring system, 31f
synthesis, 342
utilization, 360, 361f

γ-Glutamylcysteine synthetase, 371,
371f

Glutathione, 360
in acetaminophen overdose,

366–371, 371f
thiamine deficiency and, 144

Glyceraldehyde, 220, 220f
Glyceraldehyde 3-phosphate, 135, 143,

220, 220f
in glycolytic pathway, 246, 246f,

250f
Glycerol 3-phosphate shuttle, 135, 245,

247–248, 247f
Glycine, 31f, 378t
Glycogen, 181, 182, 235–236
Glycogen phosphorylase, 181, 182,

182f, 187, 202f, 203f
Glycogen storage disease type III, 187
Glycogen synthase, 181, 182f, 183,

184f, 201, 202f, 203f
Glycogenesis, 181–185, 182f,

235–236, 237f
Glycogenolysis, 181–185, 182f, 184f,

203–204, 203f, 236, 236f, 237f
Glycolysis, 133, 193f, 236, 237f

aerobic, 245
anaerobic, 132–133, 245, 249, 250f
malate-aspartate shuttle and,

244–252, 248f
Glycolytic pathway, 135–136, 136f,

211, 212f, 245–246, 246f
Glycoproteins, 68
Glycosaminoglycans, 265–269, 266t
β-Glycosidase, 219
Glycosidic link, 19
Glycosphingolipids, 255, 257
GMP (guanosine monophosphate),

393–395, 394f
GnRH (gonadotropin-releasing

hormone), 431
Goiter, 409–410
Golgi apparatus, cholesterol synthesis

in, 275
Gonorrhea, 94
Gout, 391–397
Graafian follicle, 431
Graves disease, 66, 67, 410, 411
Growth hormone (somatotropin),

424–428
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Growth hormone-releasing hormone
(GHRG), 425

GTP. See Guanosine triphosphate
GTPase activity, 70
GTP-binding protein(s). See G

protein(s)
Guanine, 19, 27t, 394f, 395
Guanosine diphosphate (GDP), 67,

69–70, 69f, 342
Guanosine monophosphate (GMP),

393–395, 394f
Guanosine triphosphate (GTP), 20, 20f,

67, 69–70, 69f
amino acid catabolism and, 342
purine catabolism and, 393–395, 394f

Gums, 226, 229
Gyr genes, 96

H
HAART (highly active retroviral

therapy), 50–52
Hair loss, methotrexate and, 31
Halothane, malignant hyperthermia

and, 163–167
Hashimoto thyroiditis, 410, 411
HDL (high-density lipoprotein),

275–276, 276t, 316
Headache

in carbon monoxide poisoning,
157–158

in hypertensive crisis, 148
in influenza, 18

Heart
growth hormone excess and, 424
hyperlipidemia and, 273–281
hypertensive crisis and, 148
malate-aspartate shuttle and, 244
myocardial infarction, 242–252
thiamine deficiency and, 140

Helicase, 19, 105
Hematin, 191, 194, 401
Heme, 11, 401–403, 402f, 403f, 404t
Hemicellulose, 227–229
Hemoglobin, 11–13, 13f

carbon monoxide poisoning and,
158–160

fetal, 14–15
globin chains, 113
in thalassemia, 111–118, 114f

Hemolytic anemia, 209–216
Heparan sulfate, 266t, 267, 268f, 321
Heparin, 266t
Hepatic coma, 179–180
Hepatic encephalopathy, 339–340
Hepatic lipase (HPL), 321, 322–323,

324
Hepatic porphyria, 400
Hepatitis C, 339–340
Hepatoerythropoietic porphyria, 404t
Hepatopancreatic ampulla, 173, 174
Hepatosplenomegaly, in hypertriglyc-

eridemia, 319–320
Hereditary coproporphyria, 404t, 405
Herpes simplex virus, 55–63
Hexokinase, 188, 246, 246f, 250f
Hexosaminidase A, 254, 258, 258f
Hexose monophosphate shunt. See

Pentose phosphate pathway
HGPRT (hypoxanthine-guanine phos-

phoribosyltransferase), 393, 395
High-density lipoprotein (HDL),

275–276, 276t, 316
Highly active retroviral therapy

(HAART), 50–52
Hirsutism, in Cushing syndrome, 444,

445
Histidine, 376, 378t
Histones, 94, 97–98, 98f
HMG-CoA reductase, 274, 285

cholesterol levels and, 277
cholesterol synthesis and, 312–313,

314f
HMG-CoA reductase inhibitors

(statins), 277, 311–317
Homocysteine, 39
Homologous recombination, 106
Hormonal signaling process, 67, 68f
Hormone, 67
Hormone-receptor complex, 67
Hot flushes, 429–430
Human chorionic gonadotropin (HCG),

432–433
Human immunodeficiency virus (HIV),

45–53, 49f, 49t
Humoral stress pathway, 447–448, 447f
Hunter syndrome, 267, 268f
Hurler-Scheie syndrome, 268f
Hurler syndrome, 268f
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Hyaluronan, 265–267, 266t
Hydrocortisone. See Cortisol
Hydrogen bonding

in DNA, 19
in protein, 12

Hydrogen ion gradient, 149
Hydrophilic residues, in hemoglobin,

12
Hydrophobic effects, protein structure

and, 12
Hydrophobic residues, in hemoglobin,

12
Hydroxy group, RNA, 19
21-Hydroxylase, 313
Hydroxylation reactions

phenylalanine, 350, 350f
in steroid hormone synthesis,

313, 314f
Hydroxymethylbilane, 401
Hydroxyurea, 15
Hyperactivity, in fragile X syndrome,

122
Hyperammonemia, 344
Hyperbaric chamber, for carbon

monoxide poisoning, 160
Hypercalcemia, 454
Hypercholesterolemia, 273–281, 284
Hypercortisolism, 445. See also

Cushing syndrome
Hyperglycemia, 205. See also Diabetes

mellitus
Hyperinsulinemia, obesity and, 205
Hyperkalemia, in malignant

hyperthermia, 164
Hyperlipidemia, 273–281, 311–312
Hyperparathyroidism, 453–460
Hyperphenylalaninemia, 349
Hyperphosphatemia, in hyperparathy-

roidism, 454
Hyperpigmentation, in Addison

disease, 435–436, 439
Hyperreflexia, in hyperthyroidism, 66
Hypertension

in acromegaly, 424
in acute fatty liver of pregnancy,

180, 181
in Cushing syndrome, 444
in porphyria, 399–400

Hypertensive emergency, 148

Hyperthermia, malignant, 163–167,
165f

Hyperthyroidism, 65–73
Hypertriglyceridemia, 172, 319–320,

323–324
Hyperuricemia, 221, 392, 395
Hyperuricosuria, in fructose

intolerance, 221
Hypoadrenocorticism, 437–439, 438f
Hypocalcemia, 455, 458
Hypoglycemia

in acute fatty liver of pregnancy,
180, 181

in Addison disease, 439
in fructose intolerance, 217–218
Somogyi effect and, 233–234

Hyponatremia, in diabetes insipidus,
418

Hypopigmentation, in phenylketonuria,
348, 351

Hypotension
in Addison disease, 435–436, 439
in anorexia nervosa, 356
in septic shock, 131–132
in treatment of hypertensive

emergency, 148
Hypothalamic-pituitary-thyroid

axis, 70
Hypothalamus

thyrotropin-releasing hormone and, 70
vasopressin synthesis in, 419

Hypothermia, in anorexia nervosa, 356
Hypothyroidism, 409–416
Hypotonia, in phenylketonuria, 348
Hypoxanthine-guanine phosphoribosyl-

transferase (HGPRT), 393, 395

I
I-cell disease, 255, 257–258, 259t
Iatrogenic Cushing syndrome, 445, 449
Ibuprofen, 294, 299
Iduronate sulfatase deficiency, 267
IFG-1 (insulin-like growth factor-1),

425–426
Immunoglobulin(s)

in hemolytic anemia, 210
thyroid-stimulating, 71

Indinavir, 50
Indomethacin, 294, 299
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Infertility, in anorexia nervosa, 356
Influenza, 17–23
Inhibin, 431
Inhibitor 1, 183, 184f, 185
Initiating factor (IF), 48
Initiation factor, 85, 86
Inositol-1,4,5-triphosphate (IP3), 70,

420, 455
Insertion, 123, 126
Insoluble fibers, 227
Insulin, 199

in diabetes mellitus, 199–205,
200–204f, 238

glycogen mobilization and, 185, 238
growth hormone and, 425
pancreas and, 173

Insulin-like growth factor-1 (IGF-1),
425–426

Insulin receptors, 200
Insulin resistance, 204–205, 204f
Integrase, 49, 49f
Intercalated duct, 173
Intermediate density lipoprotein, 276,

276t, 322
Introns, 47, 48
Iodine

deficiency, 411
thyroid hormones and, 72, 411

Iron deficiency anemia, 112
Iron sulfur center, 151
Iron sulfur proteins, 149–150
Irritable bowel syndrome, 225–231
Islets of Langerhans, 173
Isocitrate, 133, 134f
Isocitrate dehydrogenase, 133
Isoleucine, 376, 378t
Isopentenyl pyrophosphate, 313, 314f
Isoprenoid, 313
Itching

in cholestasis of pregnancy, 303–304
methotrexate and, 31

J
JAK2 (janus kinase 2), 425, 426
Jaundice

in acute fatty liver of pregnancy,
180, 181

in cholestasis of pregnancy, 304
in cirrhosis, 340

in gallstone disease, 284
in hemolytic anemia, 209–210

“Jumping genes,” 113

K
Kanamycin, 88
Keratin sulfate I and II, 266t
Ketoacidosis, 234
Ketogenesis, 235
Ketone bodies, 199, 235, 328,

334–335, 334f
Kidney. See also Renal failure

in calcium regulation, 457
stones, in hyperparathyroidism, 454
vasopressin and, 419–420

Krebs cycle. See Tricarboxylic acid
(TCA) cycle

Kwashiorkor, 328

L
Lactate, 135–136, 136f

in anaerobic glycolysis, 250f
in ischemia, 249
in malignant hyperthermia, 166
rhabdomyolysis and, 189–196

Lactate dehydrogenase, 135, 136f,
193f, 250f

Lactic acid dehydrogenase, 245
Lactic acidemia, 194
Lactic acidosis, 135
Lactose, 219
Lamivudine, 50
Lanugo hair, in anorexia nervosa, 356
LCHAD (long chain 3-hydroxyacyl-

coenzyme A dehydrogenase),
180, 185

Lecithin-cholesterol acyl transferase
(LCAT), 275

Lesch-Nyhan syndrome, 393, 395
Lethargy

in cirrhosis, 340
in fructose intolerance, 217–218

Leucine, 361, 376, 378t
Leucovorin, 33
Leukotrienes, 295
LH (luteinizing hormone), 431–433
Lignins, 227, 228–229, 229f
Limit dextrins, 219
Lincosamides, 88

INDEX 479



Linker region, 98, 98f
Lipase, 173–174
Lipemia retinalis, in

hypertriglyceridemia, 320, 324
Lipoamide, 142
Lipoprotein lipase (LPL), 320, 321,

322f, 324
Lipoproteins, 275–277, 276t
Liposomes, 81
Lithocholic acid, 286f
Liver

acetaminophen overdose and, 370
acute fatty, in pregnancy, 179–181,

185
bile salt synthesis in, 285–289, 286f
cholesterol synthesis in, 275
failure, in fructose intolerance,

217–218
in fed state, 329, 330f
glucose metabolism in, 181–185,

182f, 184f, 203–204, 203f,
235–238, 236f

in postfeeding fast, 329–333,
331–332f

in starvation, 333–335, 334f
Locus control region, 113
Long chain 3-hydroxyacyl-coenzyme A

dehydrogenase (LCHAD),
180, 185

Long terminal repeat (LTR),
of HIV, 50

Lovastatin. See HMG-CoA reductase
inhibitors

Low-density lipoprotein (LDL),
274–278, 276t, 316, 322–323,
323f

Luteinizing hormone (LH), 431–433
Lyme disease, 83–91
Lymphadenopathy, in Lyme

disease, 84
Lymphocytes, 360
Lysine, 376, 378t
Lysosomal storage disorders, 255,

257–259, 259t

M
M phase, cell cycle. See Mitosis
Macrocytic anemia, 35–43
Macrolide antibiotics, 88

Malaise
in acute fatty liver of pregnancy,

180, 181
in cirrhosis, 340
in folic acid deficiency, 35–36

Malate, 135, 192, 193f
Malate-aspartate shuttle, 135, 244–252,

248f
Malate dehydrogenase, 134f, 135, 192
Malignant hyperthermia, 163–167,

165f
Malnutrition, 327–337, 330–334f
Maltose, 219, 228, 228f
Mannose, 226, 228
Marasmus, 328
Marathon running, rhabdomyolysis

and, 189–196
MCAD (medium chain acyl-coenzyme

A dehydrogenase), 185
McArdle disease, 187
Medium chain acyl-coenzyme A

dehydrogenase (MCAD), 185
Megaloblastic anemia, 33, 37, 383–384
Melanocyte(s), 351, 351f
α-Melanocyte-stimulating hormone

(MSH), 437
Melatonin, 360
Menopause, 429–434
Mental retardation

in fragile X syndrome, 121–128
in Lesch-Nyhan syndrome, 395
in phenylketonuria, 348, 349
in Sanfilippo syndrome, 263–264

Messenger RNA (mRNA)
synthesis, 47, 47f
thyroid hormone receptors and, 414
translation, 47, 48

Metabolic acidosis
in cyanide poisoning, 148
in septic shock, 131–132

Metabolism
aerobic and anaerobic, 132–136,

134f, 136f
carbohydrates. See Carbohydrates,

metabolism
cortisol in, 448
in fed state, 329, 330f
glucose. See Glucose metabolism
growth hormone and, 425
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in postfeeding state, 329–333,
331–333f

in starvation, 333–335, 334f
thyroid hormones and, 71, 412–414

Metaphase, 29
Methemoglobin, 159
Methemoglobin reductase, 211, 212f,

213
Methenyl-tetrahydrofolate, 31f, 40f
Methionine, 37, 39, 42, 87, 376, 378t
Methionine adenosyltransferase, 37
Methionine synthase, 387, 387f
Methotrexate, 25–27, 30–31, 37
Methyl tetrahydrofolate, 37, 39–41f, 40
Methyl trap, 37, 39
Methylene tetrahydrofolate, 30f, 38,

39–41f
6-Methylpterin, 38f, 40
Mevalonate, 313, 314f
Microchips, in thalassemia detection,

116
Microcytic anemia, 112. See also

Anemia
Microlithiasis, 172
Mineralocorticoids, 313, 314f
Missense mutation, 123, 124, 124t
Mitochondria

electron transport system. See
Electron transport system

uncoupling proteins in, 166
Mitosis, 28–29, 28f
Mitotane, 449
Molecular chaperone, 98
Monoglyceride, 329
Monoiodotyrosine, 412f
MRNA. See Messenger RNA
Mucilaginous (definition), 227
Mucopolysaccharidoses, 265,

267–269, 268f
Muscarinic acetylcholine receptors,

173
Muscle

amino acid utilization, 359–360
contraction in malignant hyperther-

mia, 164, 165–166
in fed state, 330f
hypocalcemia and, 455
in postfeeding fast, 331f
in starvation, 334, 334f

Mutations
in thalassemia, 15
types, 122–125, 124t, 125t

Myalgia
in hyperparathyroidism, 454
in influenza, 18
in rhabdomyolysis, 189–190

Myocardial infarction, 242–252
Myoglobin, 11, 190, 191, 194

N
NADH (nicotinamide adenine

dinucleotide)
acetaminophen and, 368, 368f
blockade, 151–153
in glycolysis, 133–135, 134f
red blood cell glycolysis and,

212f, 213
rhabdomyolysis and, 189–194

NADH dehydrogenase, 151
NADPH (nicotinamide adenine dinu-

cleotide phosphate), 37, 38, 144
Nalidixic acid, 95
Naproxen, 294
Nasogastric suction, for pancreatitis,

174
Nausea

in acetaminophen overdose, 366
in acute fatty liver of pregnancy,

180, 181
in carbon monoxide poisoning,

157–158
in cyanide poisoning, 147–148
in fructose intolerance, 217–218
in pancreatitis, 172
in porphyria, 399–400
in septic shock, 131–132

Nef protein, 50
Negative nitrogen balance, 357
Nelfinavir, 50
Neomycin, 88
Nervousness, in hyperthyroidism, 66
Neural tube defects, 36, 43
Neurologic deficits

in carbon monoxide poisoning,
157–158

in hypertensive emergency, 148
in megaloblastic anemia, 384
in mucopolysaccharidoses, 269
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Neuron, glucose utilization, 199
Neurophysin, 419
Nevirapine, 50
Niacin, 316
Nicotinamide adenine dinucleotide.

See NADH
Nicotinamide adenine dinucleotide

phosphate (NADPH), 37,
38, 144

Niemann-Pick disease, 259t
Nitrogen balance, 357
Nitroprusside, cyanide poisoning

from, 147–148
Noncovalent forces, in protein

structure, 12
Nonessential amino acids, 376, 377,

378t. See also Amino acids
Nonhomologous end joining, 106
Nonnucleoside inhibitors, 50
Nonsense mutation, 123, 124, 125t
Nonsteroidal antiinflammatory drugs

(NSAIDs)
characteristics, 294, 296
gastritis associated with, 293–295

Norepinephrine, 38, 360
Northern blot, 77, 79
NSAID-associated gastritis, 293–295
Nuclear receptors, 68
Nucleic acids, 27t
Nucleolar organizing region, 85
Nucleophilic addition, 141
Nucleoplasmin, 98
Nucleoside, 19, 27, 27t
Nucleoside analogs, 20, 21
Nucleoside reverse transcriptase

inhibitors, 50
Nucleosome, 95, 97–98, 98f
Nucleotide, 19, 27, 27t
Numbness, in megaloblastic

anemia, 384

O
Obesity

in Cushing syndrome, 444–445
diabetes and, 198, 205

Okazaki fragment, 104–405
Oligomycin, 152, 152t
Oligonucleotide hybridization analysis,

116

Oligonucleotide probe, 79
for β-thalassemia, 112
for CFTR mutation, 76

Oncogene, 104, 105
One-carbon pool, 385
Ophthalmoplegia, in thiamine

deficiency, 139–140
Oral ulcerations, methotrexate and,

25–26, 31
Ornithine, 341, 343f, 377
Osteoporosis

in anorexia nervosa, 356
in Cushing syndrome, 444
parathyroid hormone for, 458

Ovarian cycle, 431–433, 432f
Ovulation, 431–433, 432f
Oxalate, 341
Oxaloacetate, 135, 192, 193f, 249
Oxidase, 158
Oxidation, 141
Oxidative phosphorylation, 149,

164–167, 235
Oxidative stress, thiamine deficiency

and, 144
Oxygen, tricarboxylic acid cycle and,

135
Oxygen dissociation curve

hemoglobin, 12–13, 13f
myoglobin, 13f

P
p-aminobenzoate (PABA), 37, 38f, 40
P-site, 85
p53 tumor suppressor, 106
Pain

abdominal. See Abdominal pain
in gout, 391–392
in hypertensive emergency, 148
in myocardial infarction, 243–244
in sickle cell crisis, 10

Palindrome, 57, 62
Palmar erythema, in cirrhosis, 340
Palmitoyl-CoA, 255, 256f
Palpitations, in megaloblastic anemia,

384
Pancreas, 173
Pancreatic lipase, 173–174
Pancreatitis, 171–176, 284, 319–320
Parathyroid hormone (PTH), 455–458
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Paresthesia, in megaloblastic anemia,
384

PCR (polymerase chain reaction)
for DNA sequencing, 80
in herpes simplex virus infection,

55–63
in thalassemia, 115–116

PCR allele-specific oligonucleotide
assay, 116

PCR restriction enzyme analysis, 116
Pectins, 227, 229
Pelvic inflammatory disease (PID),

93–100
Penicillins, for Lyme disease, 84
Pentose phosphate pathway, 143–144,

143f, 211, 212f
Peptide bond, 86
Peptide hormones, 68
Peripheral neuropathy, in porphyria,

399–400
Peroxisome proliferator-activated

receptors (PPARs), 296
PGHS (prostaglandin H synthase), 294,

296–297, 298f
Phase I drug metabolism, 367
Phase II drug metabolism, 367
Phenolsulfotransferase, 369
Phenylalanine, 348–353, 349–350f,

376, 378, 378t, 379
Phenylalanine hydroxylase, 348,

350, 350f, 376, 379
Phenylketones, 377
Phenylketonuria (PKU), 347–353,

349–351f, 377, 379
Phenylpyruvate, 349, 349f
Phosphate, in fructose intolerance,

221
Phosphate groups, DNA, 19
Phosphatidylinositol-4,5-biphosphate

(PIP2), 70
Phosphatidylinositol signaling

pathway, 431
5’-Phosphoadenosine 3’-phosphosulfate

(PAPS), 369, 369f
Phosphodiester linkage, 19
Phosphoenolpyruvate (PEP), 192,

193f, 202f, 246f, 250f
Phosphoenolpyruvate carboxykinase

(PEPCK), 448

Phosphofructokinase, 135, 193f, 202,
202f

in glycolytic pathway, 246f, 250f
Phosphoglucomutase, 182f, 183
3-Phosphoglyceraldehyde

dehydrogenase, 246f, 250f
Phosphoglycerate, 246f, 250f
Phosphoglycerate kinase, 246f, 250f
Phosphoglyceromutase, 246f, 250f
Phosphoinositide cascade, 420,

455, 456f
Phospholipase C (PLC), 70, 456f
5-Phosphoribosyl-1-pyrophosphate

(PRPP), 395
Phosphorylase, 181, 182, 182f, 185
Phosphorylase b, 185
Phosphorylase kinase, 166, 183, 185
PID (pelvic inflammatory disease),

93–100
Piericidin A, 152t
Pituitary

adenoma, 449
menopause and, 433
puberty and, 431
vasopressin and, 418, 419

PKU (phenylketonuria), 347–353,
349–351f, 377, 379

Plant gums, 226, 229
Point mutations, 114, 115, 122–123
Poisoning

acetaminophen, 365–366
carbon monoxide, 157–160
cyanide, 147–148, 152–153, 153f

Pol gene, 50
Polyacrylamide gel, 78
Polydipsia, in diabetes, 198
Polymerase, 19, 20
Polymerase chain reaction. See PCR
Polynucleosomes, 98
Polypeptide hormones, 68
Polyphagia, in diabetes, 198
Polysaccharides, 219, 226–231
Porphobilinogen, 402, 403f
Porphobilinogen deaminase (PBGD),

401, 402
Porphyria(s), 399–408, 404t
Porphyria cutanea tarda, 404t, 405
Positive nitrogen balance, 357
Posterior pituitary. See Pituitary
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Posttranscription modification,
tRNA, 85

PPARs (peroxisome proliferator-
activated receptors), 296

Pregnancy
acute fatty liver in, 179–185
cholestasis of, 303–306
folic acid deficiency in, 36
ovarian cycle and, 431–433, 432f

Pregnenolone, 445, 446f
Premutation, 126
Previtamin D3, 313, 315f
Primary bile acids, 285, 304
Primary protein structure, 11–12
Primase, 105
Proenzymes, 173
Progesterone, 431, 445, 446f
Progesterone receptors, 431
Progestogens, 68
Prokaryote, protein synthesis and,

87–88, 87t
Proline, 378t
Promoter region deletions, 115
Promoter sequence, 113
Proopiomelanocortin, 437
Prophase, 28–29
Propionyl CoA, 388, 388f
Propylthiouracil (PTU), 66
Prostacyclin, 296
Prostacyclin synthase, 296
Prostaglandin(s), 295–299
Prostaglandin H synthase (PGHS), 294,

296–297, 298f
Prostanoids, 295–297, 297f
Protease inhibitors, 50
Protein(s)

denaturation, 57, 58, 59f
growth hormone and, 425
negative nitrogen balance and,

357–361
structure, 11–12
synthesis, 85–89, 86f, 357

Protein-energy malnutrition, 328.
See also Starvation

Protein kinase A, 199
carbohydrate metabolism and,

183, 184f
glucagon and, 203, 203f, 238
in ovarian cycle, 431

Protein kinase C, 70, 457
Protein phosphatase 1, 185, 201–202,

202f, 203f, 235
Proteoglycans, 265, 267
Proton gradient, 191–192
Protooncogene, 104
Protoporphyrin IX, 401, 403f
Protoporphyrinogen III, 403f
Protoporphyrinogen oxidase (PPO),

401, 403
PRPP (5-phosphoribosyl-1-

pyrophosphate), 395
Pruritus, in cholestasis of pregnancy,

303–304, 306
Pseudo-Cushing syndrome, 445, 449
PTH (parathyroid hormone), 455–458
PTU (propylthiouracil), 66
Puberty, 431, 432f
Purine(s), 26, 27t, 360, 393
Purine base ring system, 31, 31f
Purine nucleoside analogs, 20, 21
Purine salvage pathway, 393–395, 394f
Puromycin, 88
Pyelonephritis, 132
Pyridoxal phosphate, 357, 358, 401, 402
Pyrimidine, 27t, 360
Pyrophosphate, 343
Pyruvate, 135, 136f

in glycolytic pathway, 246f, 250f
in malignant hyperthermia, 166
metabolic fate, 213, 214t
metabolism, 210–214
rhabdomyolysis and, 192

Pyruvate carboxylase, 192, 193f
Pyruvate dehydrogenase, 136,

142–143, 142f
Pyruvate kinase, 135, 193f,

202f, 203f, 204
deficiency, 209–216
in glycolytic pathway, 246f, 250f

6-Pyruvoyl-tetrahydropterin, 348

Q
Quaternary protein structure, 11–12
Quinolone antibiotics, 94, 95, 95f, 97f

R
Radioactive iodine, 72
Raffinose, 231
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Receptor, 5, 67
Receptor-mediated endocytosis, 277
Recombinant DNA technology, 80–81
Recombination, 105
Red blood cells

energy sources, 329
erythropoiesis and, 113
glucose metabolism, 211–213, 212f
in hemolytic anemia, 209–214

Red lips, in carbon monoxide
poisoning, 157–158

Reduction potential, 149
Release factor (RF), 48
Renal failure

in acute fatty liver in pregnancy, 180
in rhabdomyolysis, 190

Renal stones, in hyperparathyroidism,
453–454

Renin, 419, 420
Respiratory acidosis, in malignant

hyperthermia, 164
Respiratory chain sites, 152t
Respiratory failure, in cystic fibrosis,

80
Restriction enzymes, 57, 60
Retinoblastoma, 108
Retrovirus, 47
Rev protein, 50
Reverse-transcriptase enzyme, 48
Reverse transcription, 47, 47f, 48–49,

49t
Rhabdomyolysis, 189–196, 312
Rhamnose, 226
Rhodanese, 153
Ribavirin, 18–23, 20f, 21f
Ribonucleic acid. See RNA
Ribose, 27t
Ribose 5-phosphate, 143
Ribosomal RNA (rRNA), 87
Ribosomes, 85
Ritonavir, 50
RNA (ribonucleic acid)

cis-response elements, 68
Northern blot and, 77, 79
polymerase, 20
structure, 19
synthesis, 47f, 48
translation, 85

RNase, 173

Rofecoxib, 299
Rotenone, 152t, 153
Ryanodine receptor, 165

S
S-adenosyl homocysteine (SAH),

38–39
S-adenosyl methionine (SAM), 37, 38
S phase, cell cycle, 28, 28f
Sanfilippo syndrome, 263–264, 268f
Sanger dideoxynucleotide method,

DNA sequencing, 79–80
Saquinavir, 50
Sarcoplasmic reticulum, calcium

release from, 165–166, 165f
Scaffold, 99
Scheie syndrome, 268f
Schiff base, 358
Scurvy, 43
Second messenger, 67
Secondary bile acids, 285, 304
Secondary hyperparathyroidism, 458
Secondary protein structure, 11–12
Sedoheptulose 7-phosphate, 143
Seizure, in malignant hyperthermia,

164
Septic shock, 131–132
Serine, 29, 255, 256f, 378t
Serine/threonine protein kinases, 29
Serotonin, 68, 360
SGLT1 (glucose transporter), 219
SGLT2 (glucose transporter), 219
Shine-Dalgarno polypurine hexamer,

87, 87t
Shock, septic, 131–132
Sialic acid, 254, 255
Sickle cell disease, 9–15, 124
Silent mutation, 123, 124, 124t
Simvastatin, 315
Skeletal muscle. See Muscle
Skin lesions

in fragile X syndrome, 122
in Lyme disease, 84

Skin rash, methotrexate and, 31
Sly syndrome, 268f
Sodium nitroprusside, cyanide

poisoning from, 147–148
Soluble fibers, 227
Somatomedin C, 425
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Somatostatin, 173, 425
Somatotropin (growth hormone),

424–428
Somogyi effect, 233–240, 236f
Sore throat

in HIV infection, 46
in influenza, 18

Southern blot, 77, 79
Sphincter of Oddi dysfunction, 172
Sphinganine, 255, 256f
Sphingolipid, 255
Sphingomyelin, 255, 257f
Sphingomyelinase, 259t
Sphingosine, 255
Spina bifida, 36
Splenomegaly, in hemolytic anemia,

209–210
Spliceosome, 47
Squalene, 313, 314f
Stachyose, 231
Starch, 228, 228f
Starvation, 327–337, 330–334f

in anorexia nervosa, 355–356
negative protein balance in, 357–361

Statins (HMG-CoA reductase
inhibitors), 277, 311–317

Stavudine, 50
Steroid hormones, 68, 313, 314f
Steroid-like hormones, 68
Steroid messenger regulation of

translation, 66–73
Stop codons, 86
Streptomycin, 88
Stress

Addison disease and, 435–436
cortisol release and, 445, 447f
herpes simplex virus and, 56
irritable bowel syndrome and,

225–226
Succinate, 133, 135
Succinate dehydrogenase, 133,

134f, 135
Succinate thiokinase, 134f, 135
Succinyl CoA, 133, 388, 388f
Sucrase-isomaltase complex, 219
Sucrose, 219
Sulfatase, 265
Sulfated acetaminophen, 368–369, 369f
Sun exposure, porphyrias and, 405

Supercoiling, 95–96, 96f
Sweat, in cystic fibrosis, 78

T
Tachycardia

in hyperthyroidism, 66
in megaloblastic anemia, 384
in porphyria, 399–400

Tachypnea, in malignant hyperthermia,
164

Taq DNA polymerase, 57–58
Tat protein, 50
Tay-Sachs disease, 253–261, 258f, 259t
TCA cycle. See Tricarboxylic acid

(TCA) cycle
Telophase, 29
Template, 48
Termination, in protein synthesis, 86
Tertiary protein structure, 11–12
Tetracyclines

for Lyme disease, 84
mechanisms of action, 88

Tetrahydrobiopterin, 348, 350, 350f
Tetrahydrofolate (THF), 27. See also

Folic acid
1-carbon carriers of, 29, 38–39,

39f, 40f
in methylation metabolism, 37–38
in purine synthesis, 26, 31
structure, 37, 38f

Thalassemia, 111–118
Thermus aquaticus, 57, 58
Thiaminase enzymes, 144
Thiamine (vitamin B1)

characteristics, 141, 141f
deficiency, 139–140, 143–144

Thiamine pyrophosphate, 141–144,
141f

Thin skin, in hyperthyroidism, 66
Thiocyanate, 148, 153
Thionamide antithyroid drugs, 71–72
Threonine, 376, 378t
Thrombocytopenia, methotrexate and,

25–26, 31
Thrombolysis, 249
Thromboxane, 294–295
Thromboxane synthase, 296
Thymidylate, 30
Thymidylate synthase, 30, 30f, 387
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Thymine, 19, 27t
Thyroglobulin, 72
Thyroid gland

hyperthyroidism and, 65–73
hypothyroidism and, 409–416

Thyroid hormone(s), 68, 71–73
biosynthesis, 411–412, 413f
functions, 412–414
in hyperthyroidism, 66
in hypothyroidism, 409–410
structure, 411, 412f

Thyroid hormone receptor (THR), 71
Thyroid peroxidase, 71–72, 411
Thyroid response elements, 410, 414
Thyroid-stimulating hormone (TSH),

70, 411
Thyroid-stimulating immunoglobulin

(TSIg), 71
Thyroid storm, 66
Thyronine (T3). See Triiodothyronine
Thyrotropin, 68
Thyrotropin-releasing hormone (TRH),

68, 70, 411
Thyroxine (T4), 66, 71–72, 410, 411
Tick bite, Lyme disease and, 84
Tongue, in megaloblastic anemia, 384
Topoisomerases, 94–101
Transaminase, 341, 358
Transamination, 358
Transcortin, 448
Transcription, 47

DNA, 19–20
in thalassemia, 115

Transducer protein, 67
Transducin, 70t
Transfer RNA (tRNA), 48, 85
Transketolase, 143–144, 143f
Translation, 47
Translocation, 86, 106
Transposons, 113
Tremor, in hyperthyroidism, 66
Triacylglycerides, 275
Triacylglycerols. See Triglycerides
Tricarboxylic acid (TCA) cycle,

133–138, 134f
acetyl coenzyme A oxidation and,

191–192
blood ammonia levels and, 344
in fasting state, 329–333, 331–333f

in fed state, 329, 330f
malignant hyperthermia and, 166
in starvation, 333–335, 334f

Triglycerides (triacylglycerols), 305,
321, 328, 329, 334–335

Triiodothyronine (T3), 71, 411
Trinucleotide repeat expansion, 123
Triokinase, 220, 220f
Triosephosphate isomerase, 246,

246f, 250f
TRNA. See Transfer RNA
Tropical sprue, 384
Troponin I, 245
Trypsin, 173
Tryptophan, 360–361, 376, 378t
TSH (thyroid-stimulating hormone),

70, 411
Tumor suppressor genes, 105, 106
Type I/II diabetes. See Diabetes

mellitus
Type III glycogen storage disease,

187
Tyrosine, 348, 351, 351f, 377
Tyrosine hydroxylase, 351, 351f
Tyrosine kinase, 426
Tyrosyl, 72

U
Ubiquinone (coenzyme Q), 149, 150,

153, 245, 248
Ubiquinone, 150
UDP-glucoronate, 267, 367–368, 367f
UDP-glucose, 182f, 183
UDP-glucuronyl transferase, 367
UDP-N-acetylglucosamine, 267
Ulcer, NSAID-associated, 293–295
Ultraviolet light, in vitamin

D synthesis, 313
Uncoupling proteins, 166
Uracil, 19, 27t
Urate crystals, 392, 395
Urea cycle, 341–344, 343f
Uric acid, 393

in fructose intolerance, 221, 221f
gout and, 391–397

Uridine, 21f
Uridylate, 30, 30f
Uridylyltransferase, 182f, 183
Urinary frequency, in diabetes, 198
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Urinary tract infection
in hyperparathyroidism, 453–454
in sickle cell crisis, 10

Urine
in diabetes insipidus, 418
in hemolytic anemia, 210
in phenylketonuria, 348
in rhabdomyolysis, 189–190

Uroporphyrinogen, 402
Uroporphyrinogen decarboxylase

(UROD), 401, 402–403
Uroporphyrinogen I, 403f
Uroporphyrinogen I synthase, 401
Uroporphyrinogen III, 403f
Uroporphyrinogen III cosynthase,

401, 402
Ursodeoxycholic acid, 305, 306, 306f

V
Vaccine, for influenza, 18
Valine, 13, 376, 378t
Van der Waals forces, protein structure

and, 12
Variable number of tandem repeats

(VNTR) analysis, 61–62
Variegate porphyria, 400, 404t, 405
Vasopressin, 418–420
Vasopressin receptors, 420
Vegetarian diet, 375–381
Vertigo, in megaloblastic anemia, 384
Very-low-density lipoprotein (VLDL),

274–277, 276t, 316, 321–323,
322f, 323f

Viruses
herpes simplex virus, 55–63
human immunodeficiency virus,

45–53, 49f, 49t
influenza, 17–23

Vitamin B1. See Thiamine
Vitamin B6, 182
Vitamin B12 (cobalamin)

absorption, transport, and storage,
386–387, 386f

deficiency, 37, 43, 383–385, 387
in fatty acid and amino acid

metabolism, 388, 388f

in folate metabolism, 387, 387f
structure, 385–386, 385f

Vitamin C deficiency, 43
Vitamin D, 68, 313, 315f, 455
Vitamin K deficiency, 306
VNTR (variable number of tandem

repeats) analysis, 61–62
Vomiting

in acetaminophen overdose, 366
in acute fatty liver of pregnancy,

180, 181
in cyanide poisoning, 147–148
in fructose intolerance, 217–218
in pancreatitis, 172
in porphyria, 399–400
in septic shock, 131–132

Vulvar ulcer, herpes simplex virus and,
55–56

W
Water intoxication, 418
Weakness

in Addison disease, 435–436
in hypothyroidism, 409–410
in megaloblastic anemia, 384
in rhabdomyolysis, 189–190

Weight loss
in hyperthyroidism, 66
in megaloblastic anemia, 384

Wernicke-Korsakoff syndrome,
139–140

Western blot, 51–52, 77, 79
Wilson disease, 340

X
Xanthine oxidase, 393, 394f, 395
Xanthomas, in hypertriglyceridemia,

320, 324
Xeroderma pigmentosum, 22
Xylose, 226, 228
Xylulose 5-phosphate, 143

Z
Zidovudine, 50
Zinc fingers, 414
Zymogen, 173
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