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Preface

With this first edition of First Aid for the Basic Sciences: General Principles, we
continue our commitment to providing students with the most useful and up-
to-date preparation guides for the USMLE Step 1. Both this text and its com-
panion, First Aid for the Basic Sciences: Organ Systems, are designed to fill
the need for a high-quality, in-depth, conceptually driven study guide for Step
1 of the USMLE. They are designed to be used either alone, or in conjunc-
tion with the original First Aid for the USMLE Step 1. In this way, students
can tailor their own studying experience, calling on either book, according to
their mastery of each subject.

These books would not have been possible without the help of the hundreds
of students and faculty members who contributed their feedback and sugges-
tions. We invite students and faculty to please share their thoughts and ideas
to help us improve First Aid for the Basic Sciences: General Principles. (See
How to Contribute, p. xiii.)

Tao Le
Louisville

Kendall Krause

Boston
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p VAR ANATOMY AND HISTOLOGY

. Cellular Anatomy and Histology
| WECEL__ |

All living things, with the exception of viruses, are composed of cells. Cells,
therefore, are considered the most basic unit of life. Each cell is a collection
of diverse components; each component contributes to the integral biochemi-
cal processes that sustain the life of the organism. The most important eukary-
otic cellular components will be covered in the following sections.

Plasma Membrane

Every eukaryotic cell is enveloped by an asymmetrical bilayer lipid mem-
brane. This membrane consists primarily of two sheets of phospholipids,
each one molecule thick. Phospholipids are amphiphilic (also referred to
as amphipathic) molecules, containing both hydrophilic and hydrophobic

regions (see Figure 1-1).

The hydrophilic portions (i.e., phosphate groups) of the outer layer
face the extracellular environment, and those of the inner layer face the
cytoplasm.

The hydrophobic portions of each layer (i.e., fatty acid chains) intermin-
gle within the center of the membrane.

This bilayer membrane also contains steroid molecules (derived from cho-
lesterol), glycolipids (fatty acids with sugar moieties), sphingolipids, proteins,
and glycoproteins (proteins with sugar moieties). The cholesterol and glyco-
lipid molecules alter the physical properties of the membrane (e.g., increase
the melting point), in relative proportion to their presence. The proteins serve

AL important specific roles in the transport and tratficking of nutrients across
‘ CORRELA ION the membrane, signal transduction, and interactions between the cell and its
environment.

Proteins comprise transmembrane
transporters, ligand-receptor The cell membrane performs the following functions:
complexes, and ion channels;
protein dysfunction underlies many
diseases.

Enhancing cellular structural stability.

Protecting internal organelles from the external environment.

Regulating the internal environment (chemical and electrical po-
tential).

Enabling interactions with the external environment (e.g., signal transduc-
tion and cellular adhesion).

Nucleus and Nucleolus

The nucleus is the control center of the cell. The nucleus contains genetically
encoded information, DNA, which directs the life processes of the cell. It is
» A C surrounded by two lipid bilayers: The inner membrane defines the boundar-

DRWARD ies of the nucleus, while the outer membrane is continuous with the rough
endoplasmic reticulum (RER) (see Figure 1-2). In addition to DNA, the
Genetic mutations may cause nucleus houses a number of important proteins that enable the maintenance
dysfunction of regulatory proteins, (protection, repair, and replication), expression (transcription), and transpor-
especially repair mechanisms, often tation of genetic material (DNA, RNA).

leading to debilitating diseases, such

as xeroderma pigmentosum. Most of the cell’s ribosomal RNA (rRNA) is produced within the nucleus by
the nucleolus. The rRNA then passes through the nuclear pores (transmem-
brane protein complexes that regulate trathcking across the nuclear mem-
brane), to the cytosol, where it associates with the RER.
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FIGURE 1-1. Amphipathic lipids. Formation of lipid membranes, micelles, emulsions, and liposomes from amphipathic lipids (e.g.,
phospholipids). (Modified, with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s lilustrated Biochemistry, 27th ed., New
York: McGraw-Hill, 2006: 130.)

Rough Endoplasmic Reticulum and Ribosomes

As previously described, the RER is home to the majority of the cell’s ribo-
somes (the many ribosomes studding the surface of the RER membrane give
rise to its name). These rRNA doublets associate with transfer RNA (tRNA) to
translate messenger RNA (mRNA) into amino acid sequences, and, eventu-
ally, proteins (see Figure 1-3). The RER functions primarily as the location for
membrane and secretory protein production as well as protein modification
(see Figure 1-2). The RER is most well developed in cell types that produce
proteins for secretion (pancreatic acinar cells or plasma cells).

Smooth Endoplasmic Reticulum (SER)

The SER is the site of fatty acid and phospholipid production. Most eukary-
otic cells have a relatively small SER, with some exceptions. For example,
hepatocytes, constantly engaged in detoxifying hydrophobic compounds
through conjugation and excretion, have well-developed SER.
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FIGURE 1-2. Diagrammatic representation of the RER branch of protein sorting. Newly
synthesized proteins are inserted into the endoplasmic reticulum membrane or lumen from
membrane-bound polyribosomes (small black circles studding the cytosolic face of the endo-
plasmic reticulum). Those proteins that are transported out of the endoplasmic reticulum (solid
black arrows) do so from ribosome-free transitional elements. Such proteins may then pass
through the various subcompartments of the Golgi until they reach the trans-Golgi network
(TGN), the exit side of the Golgi. In the TGN, proteins are segregated and sorted. Secretory
proteins accumulate in secretory storage granules from which they may be expelled, as shown
in the upper right side of the figure. Proteins destined for the plasma membrane or those that
are secreted in a constitutive manner are carried out to the cell surface in transport vesicles, as
indicated in the upper middle area of the figure. Some proteins enter prelysosomes (late endo-
somes) and fuse with endosomes to form lysosomes, as depicted in the upper left corner of the
figure. Retrieval from the Golgi apparatus to the endoplasmic reticulum is not considered in
this scheme. CGN = cis-Golgi network; RER = rough endoplasmic reticulum. (Modified, with
permission, from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated Biochemistry,
27th ed. New York: McGraw-Hill, 2006: 508.)

60S

Ribosome

S ST N AN

408

FIGURE 1-3. Schematic representation of ribosomal RNA (rRNA). Here, the 40S and 60S
subunits of RNA are shown, translating a portion of mRNA in the 5" to 3" direction. Many of
these ribosomes are located within the membrane of the rough endoplasmic reticulum so that
their initial protein product ends up within the lumen of the rough endoplasmic reticulum,
where it undergoes further modification. E site = holds Empty tRNA as it Exits; P site =
accommodates growing Peptide; A site = incoming Aminoacyl tRNA.
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Golgi Apparatus

I 9 CLINICAL
° CORRELATION
I-cell disease, also known as
mucolipidosis type Il results from
the failed modification of lysosomal
proteins. Rather than being targeted
for the lysosome through the
addition of mannose-6-phosphate,
enzymes are secreted from the

cell, thus hindering the disposal

of intracellular waste. Coarse
FUNCTIONS OF THE GOLGI APPARATUS facial features and restricted joint

Shortly after being synthesized, proteins from the RER are packaged into
transport vesicles and secreted from the RER. These vesicles travel to and fuse
with the Golgi vesicles. Within the lumen of this organelle, secretory and
membrane-bound proteins undergo modification. Depending on their final
destination, these proteins may be modified in one of the three major regions
or Golgi networks: Cis (CGN), medial (MGN), or trans (TGN). These pro-
teins are then packaged in a second set of transport vesicles, which bud from
the trans side, and are delivered to their target locations (e.g., organelle mem-
branes, plasma membrane, and lysosomes; see Figures 1-2 and 1-4).

Distributing proteins and lipids from the ER to the plasma membrane,  movements result
lysosomes, and secretory vesicles.

Modifying N-oligosaccharides on asparagines.

Adding O-oligosaccharides to serine and threonine residues.

Assembling proteoglycans from core proteins.

Sulfating sugars in proteoglycans and tyrosine residues on proteins.

Adding mannose-6-phosphate to specific proteins (targets the proteins to
the lysosome).

Lysosomes

The lysosome is the trash collector of the cell. Bound by a single lipid bilayer,
the lysosome is responsible for hydrolytic degradation of obsolete cellular
components. Extracellular materials, ingested via endocytosis or phagocytosis,
are enveloped in an endosome (temporary vesicle), which fuses with the lyso-

R

¥

SER

Cell —
membrane

Cell
membrane

trans
face

FIGURE 1-4. Tunneling electron microscopy of Golgi apparatus. The cis and trans faces
of the Golgi apparatus are shown in relation to other important organelles, including the rough
endoplasmic reticulum, smooth endoplasmic reticulum, and cell membrane. (SER = smooth
endoplasmic reticulum; RER = rouch endoplasmic reticulum.) (Reproduced, with permission,
from Junqueira LC, Carneiro J. Basic Histology: Text and Atlas, 11th ed. New York: McGraw-
Hill, 2005: 36.)
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some, leading to enzymatic degradation of endosomal contents. Lysosomal
enzymes (nucleases, proteases, and phosphatases) are activated at a pH below
4.8. To maintain this pH, the membrane of the lysosome contains a hydrogen
ion pump, which hydrolyzes ATP to move protons against the concentration
gradient.

Mitochondria

This is the primary site of ATP production in aerobic respiration. The proteins
of the outer membrane enable the transport of large molecules (molecular
weight ~ 10,000) for oxidative respiration. The inner membrane, separated
from the outer by the intermembranous space, is highly selectively perme-
able (see Figure 1-5). While the inner membrane’s surface area is greatly
increased by numerous folds, known as cristae, its selectivity is maintained
by transmembrane proteins. These proteins, comprising the electron transport
chain, maintain a proton gradient between the intermembrane space and the
lumen of the inner membrane. The role of the electron transport chain is to
generate energy for storage in the bonds of ATP.

Microtubules and Cilia

These aggregate intracellular protein structures are important for cellular
support, rigidity, and locomotion. Microtubules consist of o- and B-tubulin
dimers, each bound to two guanosine triphosphate molecules. They com-
bine to form cylindrical polymers of 24-nm diameter and variable lengths (see

Enzymes of the mitochondrial matrix
include:

Citric acid cycle enzymes
B-oxidation enzymes
Pyruvate dehydrogenase

MATRIX
f‘ Enzymes of inner membrane including:
Electron carriers (complexes I-1V)
P X S— ATP synthase

Membrane transporters

|

INTER-
MEMBRANE — ’
Cristae
SPACE
INNER
MEMBRANE

— OUTER MEMBRANE
Enzymes in the outer membrane
include:
Acyl CoA synthetase
Glycerolphosphate acyl transferase

FIGURE 1-5. Structure of the mitochondrial membranes. In reality, the inner membrane
contains many folds, or cristae. (Modified, with permission, from Murray RK, Granner DK,
Rodwell VW. Harper’s lllustrated Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 101.)
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Figure 1-6). Polymerization occurs slowly from the end of the microtubule,
but depolymerization occurs rapidly.

Microtubules are incorporated into both flagella and cilia. Within cilia, the
microtubules occur in pairs, known as doublets. A single cilium contains nine
doublets around its circumference, each linked by an ATPase, dynein (Figure
1-6). These motile proteins, anchored to one doublet, move along the length
of a neighboring doublet in a coordinated fashion, resulting in ciliary motion.

Epithelial Cell Junctions

These transmembrane proteins mediate intercellular interaction by providing
cellular adhesion and cell signaling. Cellular adhesion and communication is
vitally important to both the integrity and the function of an organ.

Organs and tissues exposed to the external environment are the most resil-
ient. These tissues are referred to as epithelial, primarily due to their embryo-
logic origin. The epithelial cells of these external tissues contain an array of
cell junctions that mediate cellular adhesion and communication processes.
There are five principal types of cell junctions: Zona occludens (tight junc-
tions), zona adherens (intermediate junctions), macula adherens (desmo-
somes), gap junctions (communicating junctions), and hemidesmosomes

(see Figure 1-7).

ZoNA OCCLUDENS

Tight junctions, also referred to as occluding junctions have the following
two primary functions:

Determine epithelial cell polarity, separating the apical pole from the
basolateral pole.

Regulate passage of substances across the epithelial barrier (paracellular
transport).

In a typical epithelial tissue, the membranes of adjacent cells meet at regu-
lar intervals to seal the inter- or paracellular space, thus surrounding the cell
like a belt. These connections occur at the interaction of the junctional pro-
tein complex of neighboring cells. This complex is composed of the proteins
occludin, a four-span transmembrane protein, and claudin.

ZoNA ADHERENS

Intermediate junctions are located just below tight junctions, near the api-
cal surface of an epithelial layer. Like the zona occludens, the zona adherens

Microtubule
doublets

Dynein ATPase

FIGURE 1-6. Microtubules. (A) Structure. The cylindrical structure of a microtubule is
depicted as a circumferential array of 13 dimers of - and B-tubulin. Each dimer binds two
guanosine triphosphate molecules. (B) Ciliary structure. Nine microtubule doublets, circum-
ferentially arranged, create motion via coordinated dynein ATP cleavage.
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Drugs that act on microtubules:

Drug Disease
Mebendazole/ Parasitic
thiabendazole infections

Taxol Breast cancer

Griseofulvin Fungal
infections

Vincristine/ Cancers

vinblastine

Colchicine Gout
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ineffective or insufficient ciliary

motion.

Kartagener syndrome = dynein arm
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Cystic fibrosis = respiratory
secretions that are too thick to be
cleared by ciliary motion.
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Often, cells of adenocarcinomas
lose their usual epithelial cell
junctions, allowing them to infiltrate
surrounding tissues and metastasize.
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Zona occludens (tight junction)—

E-cadherin prevents diffusion across intracellular space

:|— Zona adherens (intermediate junction)—

Actin ' !
filaments surrounds perimeter just below
zona occludens
Keratin ]— Macula adherens (desmosome)—
: - small, discrete sites of attachment
Desmoplakin
Connection P
with central —T
channel W

Gap junction—
allows adjacent cells to communicate for electric
and metabolic functions

Integrin—maintains = &5
integrity of basement
membrane

Hemidesmosome—connects cells to underlying extracellular matrix

FIGURE 1-7. Epithelial cell junctions. Five types of epithelial cell junctions are depicted
along with their supporting and component proteins.

occurs periodically along the circumference of the cell, in a belt-like distri-
bution. Inside the cell, these transmembrane protein complexes are associ-
ated with actin microfilaments. Outside the cell, cadherins (see adjacent
mnemonic) from adjacent cells use a calcium-dependent mechanism to span
wider intercellular spaces than can the zona occludens.

MAcULA ADHERENS

As opposed to the belt-like distribution of the zona occludens and adherens,
desmosomes resemble spot welds; single rivets erratically spaced below the
apical surface of the epithelium. Intracellularly, they are associated with kera-
tin intermediate filaments, providing strength and rigidity to the epithelial sur-
face. This intercellular adhesion is also mediated by calcium-dependent cad-
herin interactions.

GAP JUNCTIONS

These intercellular junctions allow for rapid transmission of biochemical
information from one cell to the next (via chemical or electrical potential).
A connexon is formed from a complex of six connexin proteins. Each single
connexon exists as a hollow cylindrical structure spanning the plasma mem-
brane. When a connexon of one cell is bound to a connexon of an adjacent
cell, a gap junction is formed, creating an open channel for fluid and electro-
lyte transport across cell membranes.

HEMIDESMOSOMES

These asymmetrical anchors provide epithelial adhesion to the underlying
connective tissue layer, the basal lamina. The hemidesmosome contains
laminin 5 (instead of cadherins), an anchoring protein filament that binds the
cell to the basal lamina. Although the intracellular portion structurally resem-
bles that of the desmosome, none of the protein components are conserved,
except for the cytoplasmic association with intermediate filaments.
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HEMATOPOIESIS

Hematopoietic cells are primarily individual cells engaged in processes of cel-
lular interaction, physiologic transport, and immune surveillance.

Blood

Blood is a connective tissue composed of cells suspended in a liquid phase.
This liquid phase, which consists of water, proteins, and electrolytes is known
as plasma or serum. The O,-carrying red blood cells, known as erythrocytes,
make up about 45% of blood by volume (this percentage is known as the
hematocrit). Erythrocytes can be separated from white blood cells, or leuko-
cytes, and platelets by centrifugation. The erythrocytes form the lowest layer,
while the leukocytes and platelets form the next layer, also known as the buffy
coat.

The Pluripotent Stem Cell

The hematopoietic stem cell is the grandfather of all major blood cells. These
cells reside within the bone marrow, where hematopoiesis (blood cell differ-
entiation) occurs. They are capable of asymmetric reproduction: Simultane-
ous self-renewal and differentiation.

Self-renewal, integral to the maintenance of future hematopoietic poten-
tial, preserves the pool of stem cells.

Differentiation leads to the production of specialized mature cells, neces-
sary for carrying out the major functions of blood.

Two differentiated cell lines derive from the pluripotent stem cell: Myeloid
and lymphoid (see Figure 1-8). These cells are considered committed; they
have begun the process of differentiation, and no longer have the potential to
become any blood cell. The myeloid lineage produces five colony-forming

Pluripotent hematopoietic stem cell
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A A
Proerythroblast Lymphoblast Myeloblast Monoblast Megakaryoblast
Neutrophil Eosinophil Basophil
Reticulocyte B cell T cell | Promyelocyte | Megakaryocyte
A A
Erythrocyte Plasma Active | Myelocyte | Monocyte Platelets

cell T cell

A A
| Metamyelocyte |

| Stab cell |

Y Y A
Neutrophil Eosinophil Basophil

FIGURE 1-8. Blood cell differentiation. A chart of the pluripotent hematopoietic stem cell’s differentiation potential. FEach lineage is

depicted as a separate column.
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units (CFUs), each ending in a distinct mature cell: erythroid (producing
erythrocytes), megakaryocyte (producing platelets), basophil, eosinophil, and
granulocyte-macrophage (producing monocytes and neutrophils). The lym-
phoid lineage produces two cell lines: T cells and B cells.

Erythrocytes

Erythrocytes are nonnucleated biconcave disks designed for gas exchange.
These cells measure 7.8 um in diameter, and their biconcave shape increases
their surface area for gas exchange. These cells lack organelles, which are jet-
tisoned shortly after they enter the bloodstream. Instead, they contain only a
plasma membrane, a cytoskeleton, hemoglobin, and glycolytic enzymes that
help them survive via anaerobic respiration (90%) and the hexose monophos-
phate shunt (10%). This limits the red blood cell life span to approximately
120 days, after which they are typically removed via macrophages in the
spleen. Mature erythrocytes are replaced by immature reticulocytes, which
mature 1-2 days after entering the circulation. These precursors are active in
protein metabolism because the mature red blood cells have expelled their
nucleus and ribosomes. Reticulocytes are thereby distinguished from mature
erythrocytes by their retained nucleus and slightly larger diameter.

Erythrocyte metabolism begins with the transport of glucose across the red
cell membrane via the GLUTT transporter. At this point, glycolytic enzymes
produce ATP and lactic acid via anaerobic metabolism. Important aspects of
erythrocyte metabolism are listed in Table 1-1.

Leukocytes

Leukopoiesis is the process by which white blood cells develop from
hematopoietic stem cells. Neutrophils and monocytes develop through the
granulocyte-macrophage CFU precursor. Basophils and eosinophils each
have a lineage-specific CFU. Lymphocytes, although separate from myeloid
cells, are also considered leukocytes, and arise from the lymphoid stem cell.

All leukocytes are involved in some aspect of the immune response:

Neutrophils affect nonspecific innate immunity in the acute inflamma-
tory response.

Basophils mediate allergic responses.

Eosinophils fight off parasitic infections.

Lymphocytes are integral to both innate and humoral immunity.

NEUTROPHILS

These products of the myeloid lineage act as acute-phase granulocytes. They
begin in the bone marrow as myeloid stem cells (see Figure 1-9) and mature
over a period of 10-14 days, producing both primary and secondary granules
(promyelocyte stage; see Figures 1-9, 1-10, and 1-11). Once mature, these leu-
kocytes are vital to the success of the innate immune system and are especially
prominent in the acute inflammatory response.

Histologically, these cells are distinguished by their large spherical size, mul-
tilobed nuclei, and azurophilic primary granules (lysosomes). These cells
have earned the alternate name polymorphonuclear cells (PMNs) due to
their multilobed nucleus. The key to their immune function, however, lies
not in the nucleus, but in the ability of PMNs to phagocytose microbes and
destroy them via reactive oxygen species (superoxide, hydrogen peroxide, per-
oxyl radicals, and hydroxyl radicals). Their azurophilic granules contain sev-
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TABLE 1-1. Important Aspects of Red Blood Cell (RBC) Metabolism

The RBC is highly dependent upon glucose as its energy source; its membrane contains

high-affinity glucose transporters.

Glycolysis, producing lactate, is the site of production of ATP.

Because there are no mitochondria in RBCs, there is no production of ATP by oxidative

phosphorylation.

The RBC has a variety of transporters that maintain ionic and water balance.

Production of 2,3-bisphosphoglycerate, by reactions closely associated with glycolysis, is
important in regulating the ability of Hb to transport O,.

The pentose phosphate pathway is operative in the RBC (it metabolizes about 5%-10% of
the total flux of glucose) and produces NADPH; hemolytic anemia due to a deficiency of the
activity of glucose-6-phosphate dehydrogenase is common.

Reduced glutathione is important in the metabolism of the RBC, in part to counteract
the action of potentially toxic peroxides; the RBC can synthesize glutathione and requires
NADPH to return oxidized glutathione (G-S-S-G) to the reduced state.

The iron of Hb must be maintained in the ferrous state; ferric iron is reduced to the ferrous
state by the action of an NADH-dependent methemoglobin reductase system involving

cytochrome b5 and cytochrome b5 reductase.

Synthesis of glycogen, fatty acids, protein, and nucleic acids does not occur in the RBC;
however, some lipids (e.g., cholesterol) in the RBC membrane can exchange with

corresponding plasma lipids.

The RBC contains certain enzymes of nucleotide metabolism (e.g., adenosine deaminase,
pyrimidine nucleotidase, adenylyl kinase); deficiencies of these enzymes are involved in

some cases of hemolytic anemia.

When RBCs reach the end of their life span, the globin is degraded to amino acids

(which are reused in the body), the iron is released from heme and also reused, and the
tetrapyrrole component of heme is converted to bilirubin, which is mainly excreted into the
bowel via the bile.

(Reprinted, with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s lllustrated
Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 619.)

eral enzymes, most notably myeloperoxidase, which produce O, radicals and
direct the oxidative burst.

EOSINOPHILS

Eosinophils follow the same pattern of maturation as neutrophils, beginning
in the bone marrow as eosinophilic CFUs. Eosinophils also contain azuro-
philic granules with myeloperoxidase. However, they differ in that they are
larger cells with cationic proteins, such as major basic protein (antibacterial)
and eosinophilic cationic protein (antiparasitic) within acidophilic granules.
Once fully mature, eosinophils possess a large, bilobed nucleus and sparse
endoplasmic reticulum and Golgi vesicles (see Figure 1-12).
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Cell Stage Surface Markers? Characteristics
MYELOBLAST CD33, CD13, Prominent
CD15 nucleoli
PROMYELOCYTE = CD33, CD13, Large cell
CD15 Primary granules
appear
MYELOCYTE CD33, CD13, Secondary
CD15, CD14, granules appear
CD11b

METAMYELOCYTE CD33, CD13, Kidney bean—
CD15, CD14, shaped nucleus
CD11b

BAND FORM CD33, CD13, Condensed, band—
CD15, CD14, shaped nucleus
CD11b CD10,
CD16

NEUTROPHIL CD33, CD13, Condensed,
CD15, CD14, multilobed
CD11b CD10, nucleus
CD16

aCD= Cluster Determinant; @ Nucleolus; @ Primary granule; ¢ Secondary granule.

FIGURE 1-9. Schematic of neutrophil development stages. T'G-CSF (granulocyte
colony-stimulating factor) and GM-CSF (granulocyte-macrophage colony-stimulating factor)
are critical to this process. Identifying cellular characteristics and specific cell-surface markers
are listed for each maturational stage. (Reproduced, with permission, from Fauci AS, Kasper
DL, Braunwald E, et al., eds, Harrison’s Principles of Internal Medicine, 17th ed, New York:

McGraw-Hill, 2008.)

Bad
 %a% 4

FIGURE 1-10. Peripheral blood smear with neutrophilia. This peripheral blood smear
displays an extreme leukemoid reaction (neutrophilia). Most cells are band and segmented
neutrophils. Two monocytes and a lymphocyte are also in the field. (Reproduced, with permis-
sion, from Lichtman MA, Beutler E, Kipps TJ, et al. Williams Hematology, 7th ed. New York:
McGraw-Hill, 2006: Plate VIII-1.)

.
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FIGURE 1-11. Electron microscopy of neutrophils. (A) Electron microscopy of neutro-
phil precursor and mature neutophil reacted for peroxidase. (B) Electron microscopy of a
mature neutrophil from normal human marrow reacted for peroxidase. (Part A reproduced,
with permission, from Lichtman MA, Beutler E, Kipps T, et al, Williams Hematology, 7th ed,
New York: McGraw-Hill, 2006: 833. Part B reproduced, with permission, from Lichtman MA,
Beutler E, Kipps T, et al, Williams Hematology, 7th ed, New York: McGraw-Hill, 2006: 833
and 835.)

BAasoPHILS AND MAsT CELLS

Distinguished by large, coarse, darkly staining granules, basophils produce
peroxidase, heparin, and histamine (see Figure 1-13). Basophils also release
kallikrein, which acts as an eosinophil chemoattractant during hypersensitiv-
ity reactions, such as contact allergies and skin allograft rejection. Because 9 CLINICAL
they share a great deal of structural similarities, basophils can be considered [ . CORRELATION
the bloodborne counterpart of the mast cell, which resides within tissues,

near blood vessels. These cells, although similar to basophils, are typically — Mast cells are an integral part
larger and contain serotonin (i.e., 5-HT), which basophils lack. Mast cells  of type | allergic reactions (think
degranulate during the acute phase of inflammation, acting, via their released ~ anaphylaxis), and they are what
granule contents, on the nearby vasculature. This leads to vasodilation, fluid ~ make allergy sufferers so miserable.
transudation, and swelling of interstitial tissues.

FIGURE 1-12. Eosinophil microscopy. (A) Human mature cosinophil incubated for perox-
idase. (B) Light microscopy of a mature eosinophil. (Part A reproduced, with permission, from
Lichtman MA, Beutler E, Kipps T, et al. Williams Hematology, 7th ed. New York: McGraw-
Hill, 2006: 8§39. Part B adapted, with permission, from Lichtman MA, Shafer JA, Felgar RE,
Wang N. Lichtman’s Atlas of Hematology, New York: McGraw-Hill, 2007: Figure 11.D.2.)
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FIGURE 1-13. Basophil microscopy. (A) Electron microscopy of a mature basophil from
human blood reacted for peroxidase. (B) Light microscopy of a mature basophil. (Reproduced,
with permission, from Lichtman MA, Beutler E, Kipps T, et al. Williams Hematology, 7th ed.
New York, NY: McGraw-Hill, 2006: 840 [A] and Plate VII-4 [B].)

Monocyte Lineage

MONOCYTES

Monocytes are the myeloid precursor to the mononuclear phagocyte, the
tissue macrophage. Morphologically, they appear as spherical cells with
scattered small granules, akin to lysosomes. The blood monocyte is a large
(10-18 wm), motile cell that marginates along the vessel wall in response to
the expression of specific cell adhesion proteins. During an inflammatory
response, these cell adhesion proteins (namely, platelet endothelial cell adhe-
sion molecule, or PECAM-1) facilitate monocyte diapedesis (transmigra-
tion) across vessel walls into surrounding tissues. Once in close proximity to
the inflammatory foci, the monocyte differentiates into a macrophage with
increased phagocytic and lysosomal activity (see Figure 1-14).

FIGURE 1-14. Macrophage microscopy. (A) Active macrophage and (B) multinucleated
giant cell. Seen here with the characteristic asteroid body in sarcoidosis. (Part A reproduced,
with permission, from Lichtman MA, Beutler E, Kipps T, et al. Williams Hematology, 7th ed.
New York: McGraw-Hill, 2006: Plate -IX-1. Part B image courtesy of PEIR Digital Library
[http://peir.net].)
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IMACROPHAGES

During differentiation, monocyte cell volume and lysosome numbers increase.
These lysosomes, which fuse with phagosomes, degrade ingested cellular and
noncellular material. Macrophages (20-80 um) also contain a large number
of cell surface receptors. These differ, depending on the tissue in which the
macrophage matures, contributing to the diversity of functions macrophages
can perform (see Table 1-2).

As described in Table 1-2, several organs are involved in macrophage distribu-
tion. Similarly, connective tissues, such as the skin and bones, contain mono-
cyte-derived cells that are structurally related to macrophages. These cells are
typically derived from monocytes that have taken up residence in the tissue
in question. Alternatively, monocytes can migrate into tissues during an acute
inflammatory response, and there, transform into reactive macrophages to aid
the innate immune system. Once out of the circulation, monocytes have a
half-life of up to 70 hours. Their numbers within inflamed tissues begin to
overcome those of neutrophils after approximately 12 hours.

MuLTINUCLEATED GIANT CELLS

At sites of chronic inflammation, such as tuberculous lung tissue, mac-
rophages sometimes fuse to produce multinucleated phagocytes (see Fig-
ure 1-14). These microbicidal cells can be produced in vitro via interferon-y
(IFN-y) or interleukin-3 (IL-3) stimulation.

DENDRITIC CELLS

Antigen-presenting cells (APCs) are essential to the adaptive immune system.
These monocyte-derived phagocytic cells take up antigens (primarily protein
particles), process them, display them bound to the major histocompatibility
complex II (MHC 1I) cell surface marker, and travel to lymph nodes, where

TABLE 1-2. Distribution of Mononuclear Phagocytes

Marrow Monoblasts, promonocytes, monocytes, macrophages

Blood Monocytes

Body cavities Pleural macrophages, peritoneal macrophages

Inflammatory tissues Epithelioid cells, exude macrophages, multinucleate giant cells
Tissues Liver (Kupffer cells), lung (alveolar macrophages), connective

tissue (histiocytes), spleen (red pulp macrophages), lymph nodes,
thymus, bone (osteoclasts), synovium (type A cells), mucosa-
associated lymphoid tissue, gastrointestinal tract, genitourinary
tract, endocrine organs, central nervous system (microglia), skin
(dendritic cells)
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Macrophage surface receptors can
be stimulated by Streptococcus
pyogenes superantigen, leading to
massive cytokine release and tissue
destruction (toxic shock syndrome).
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FIGURE 1-15. Light microscopy of a lymphocyte from a blood smear. Medium-sized
agranular lymphocyte with a high nuclear to cytoplasmic ratio and an ill-defined chromatin
pattern. (Adapted, with permission, from Lichtman MA, Shafer JA, Felgar RE, Wang N. Licht-
man’s Atlas of Hematology. New York: McGraw-Hill, 2007.)

they recruit other cells of the immune system into action. Dendritic cells are
especially important in the initial exposure to a new antigen. Successful dif-
ferentiation from monocytes depends on an endothelial cell signal that is sec-
ondary to foreign antigen exposure. In the absence of this second signal, these
sensitized monocytes transform into macrophages.

Lymphocytes

Lymphocytes are easily distinguished from other leukocytes by their shared
morphology (see Figures 1-15 and 1-16). After differentiating from lympho-
blasts within the marrow, they migrate to the blood as spherical cells, 6-15
pum in diameter. Typically, the nucleus contains tightly packed chromatin,
which stains a deep blue or purple and occupies approximately 90% of the
cell cytoplasm.

As the primary actors in the adaptive immune response, lymphocytes undergo
biochemical transformation into active immune cells via coordinated stimula-
tory signals. These activated lymphocytes then enter the cell cycle, produc-

Ribosome

Euchromatin
Lysosome

Heterochromatin

Nucleolus
Nucleus

Rough-surfaced
endoplasmic reticulum

Centriole
Mitochondrion

FIGURE 1-16. (A) Electron micrograph of a normal human lymphocyte (x 12,000). (B) Diagrammatic representation of a normal
lymphocyte with organelles labeled. (Modified, with permission, from Lichtman MA, Beutler E, Kipps T, et al. Williams Hematology,
7th ed. New York: McGraw-Hill, 2006: 1024.)



ANATOMY AND HISTOLOGY

ing a number of identical daughter cells. They eventually settle into G, as a
memory cell while they await the next stimulation event. Alternatively, follow-
ing replication, daughter cells can become terminally differentiated lympho-
cytes, primed for effector and secretory roles in immunologic defense of the
host organism.

B CeLLs AND PLASMA CELLS

B cells are the “long-range artillery” in the adaptive immune response. After
the lymphoblast stage, the lymphocyte lineage diverges into B cells and T
cells, each performing separate roles in the adaptive, or humoral, immune
response. Once committed, B cells develop in the Bone marrow and then
migrate to other lymphoid organs. As they develop, B cells express immuno-
globulins (IgM and IgD) on their surface, in association with costimulatory
proteins. These B-cell antigen receptor complexes allow for the recognition
of foreign antigens and subsequent activation of the B cell via phosphoryla-
tion of intracellular tyrosine domains. Downstream cell signaling leads to the
expression of necessary genes for terminal differentiation to plasma cells that
produce and secrete antibodies to aid the specific immune response. B cells
that recognize self-antigens are triggered to undergo programmed cell death,
or apoptosis, to reduce the chance of autoimmunity.

T CELLs

“Infantry” of the adaptive immune response. During maturation in the Thy-
mus, carly T cells begin expressing several surface receptors simultaneously,
including the thymic cell receptor (TCR), CD4, and CDS8. If one of these
CD receptors recognizes receptors of thymic APCs, either MHC II or MHC
I, respectively, then this T cell is positively selected, proliferates, and matures.
In this case, the T cell differentiates into either a CD4+ helper T cell or a
CD8+ cytotoxic T cell, and no longer expresses the inactive receptor.

HELPER T CELLS

Two subtypes of T cells are derived from the CD4+ progenitor: T;1 and
Ty2. Tyl responses occur in the presence of intracellular pathogens. In these
instances, robust macrophage recruitment occurs in response to T}l IFN-y
release. Helminthic or parasitic infections, on the other hand, drive Ty;2-
mediated immune responses, with little macrophage involvement.

Helper T cells spring into action when they recognize foreign antigens bound
to MHC II. Once activated, they secrete cytokines, chemical messengers that
recruit and activate other immune effector cells. These cytokines, also called
interleukins, specifically attract B cells, which, in turn, divide and differenti-
ate into plasma cells. After the immune response is complete, some helper T
cells become memory cells, quiescent immune cells that retain their specific-
ity in case of rechallenge with the same antigen. The presence of memory
cells increases the speed and efficiency of future immune responses.

Cytotoxic T CELLS

CD8+ T cells also proliferate in response to cytokines; however, they only
recognize antigens in association with class | MHC. These cells are actively
involved in immune surveillance of intracellular pathogens.
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cells, triggering humoral immunity.
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T,1 cells are associated with innate
immunity and cytolytic responses.
T,42 cells are associated with
humoral immunity and asthma.

ANATOMY AND HISTOLOGY

Every human cell contains MHC I, while only APCs contain MHC I1.

A cell infected by an intracellular pathogen (i.e., a virus) will process viral
proteins and present them on the surface via MHC L.

A roving CD8+ cell recognizes this signal and attaches to the infected cell
via cell adhesion molecules.

The activated cytolytic T cell releases perforins, which are proteins that
form holes in the plasma membrane of targeted cells.

Cytolytic T cells also destroy target cells via the Fas-Fas ligand interaction.

Activated CD8+ T cells express the Fas ligand on their surface.

The interaction of Fas ligand with the Fas receptor of the infected cell
leads to apoptosis.

The intracellular pathogen is prevented from replicating, and the infec-
tion is cleared.

SupPRESSOR T CELLS

These cells modulate helper T cell function and plasma cell differentiation.
Through IFN-y secretion, T}l cells stimulate the production of more Tj;1
cells, while simultaneously suppressing the production of T};2 cells. T2 cells
can tip the scales of helper T populations toward more T;2 cells via interleu-
kin-4 (IL-4) production. In this way, the immune response reinforces itself,
providing for maximum coordinated effectiveness. The type of pathogen ini-
tially triggering the immune response directs which response, T}l or T};2,
dominates.

. Gross Anatomy and Histology

Layers of the Abdominal Wall

The layers of the anterior abdominal wall, penetrated during surgical incision
or sharp trauma, differ, depending on the location with respect to the midline
and the umbilicus. They are listed in Table 1-3 and depicted in Figure 1-17.

In addition to the differences displayed in Table 1-8, the abdominal muscle
aponeuroses composing the rectus sheath differ above and below the umbili-
cus. Above the umbilicus, the external oblique and anterior internal oblique
aponeuroses are found anterior to the abdominis rectus muscle. The posterior
rectus sheath is made of the posterior internal oblique and transverse abdo-
minis aponeuroses. Below the umbilicus, the anterior rectus sheath is com-
posed of all three abdominal muscle aponeuroses (external oblique, internal
oblique, and transverse abdominis).

Inguinal Canal

The canal is an oblique, inferomedially directed channel, allowing the
abdominal contents to traverse the abdominal wall to reach the scrotum and
labia (see Figure 1-18). Lying superior and parallel to the inguinal ligament,
the canal allows passage of the round ligament of the uterus in females and
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TABLE 1-3. Layers of the Abdominal Wall

MIDLINE UMBILICAL
RELATION RELATION LAYERS

Midline Above or below Skin
Subcutaneous tissue/Camper’s fascia
Scarpa'’s fascia
Linea alba
Transversalis fascia
Parietal peritoneum

Anterolateral ~ Above or below Skin
Subcutaneous tissue/Camper’s fascia
Scarpa'’s fascia
Rectus sheath, composed of muscular aponeuroses
Transversalis fascia
Parietal peritoneum

Flank Above or below Skin
Subcutaneous tissue/Camper’s fascia
Scarpa'’s fascia
External oblique muscle
Internal oblique muscle
Transverse abdominal muscle
Transversalis fascia

Parietal peritoneum

Erector spinae

. Latissimus dorsi

% \ Quadratus lumborum

Psoas
N\

Transversalis fascia
“““ Transversus abdominis
. I"' Internal oblique
Sympathetic trunk .' External oblique
/ ll Superficial fascia

//l Skin
@ ‘/y , Extraperitoneal tissue

Peritoneum

Rectus abdominis
Linea alba Rectus sheath

FIGURE 1-17. Abdominal layers. The major layers of the abdominal wall are shown, as
well as the relation of several retroperitoneal structures.



FIGURE 1-18.
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Parietal peritoneum

Extraperitoneal tissue

Transversalis fascia

Deep inguinal ring

Transversus
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Internal inguinal ring: Abdominal wall:
site of protrusion of site of protrusion of
indirect hernia direct hernia

Inferior epigastric
vessels
Medial umbilical ligaments

Rectus Abdominis m.

Pyramidalis m.
I

Conjoined tendon
[ g b .
- — — Linea all?a
2 Spermatic cord
External spermatic fascia
Cremasteric muscle and fascia

Internal spermatic fascia

Superificial inguinal ring

Inguinal canal. The location and contents of the inguinal canal, as well as the abdominal wall layers it traverses, are
shown. Other important anatomic relations are also highlighted, including umbilical ligaments and inferior epigastric vessels.

the spermatic cord (ductus deferens and gonadal vessels) in males. The
canal has two openings, the internal (or deep) and external (or superficial)
inguinal rings. The transversalis fascia evaginates through the abdominal
wall and continues as a covering of structures passing through the abdominal
wall. The superficial ring is actually an opening through the external oblique
apoONneurosis.

Retroperitoneum

The posterior abdominal cavity contains several important structures situ-
ated between the parietal peritoneum and the posterior abdominal wall. This
region, the retroperitoneum, contains portions of the gastrointestinal, genito-
urinary, endocrine, and cardiovascular systems (see Figure 1-19). The specific
structures are listed below:

2

Perirenal
space
4

Transversalis fascia 7 6

FIGURE 1-19. Retroperitoneal structures. The anatomic relations of important retroperi-
toneal structures are shown, including the duodenum (1; second, third, and fourth sections),
descending colon (2), ascending colon (3), kidney and ureters (4), pancreas (5; head and neck),
aorta (0), and inferior vena cava (7). The adrenal gland and rectum are not shown.
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Internal
hemorrhoids

External Pectinate
hemorrhoid line

FIGURE 1-20. Pectinate line. A comparison of internal hemorrhoids (internal rectal ves-
sels) and external hemorrhoids (external rectal vessels) is shown, highlighting their separation
by the pectinate line. The endodermal and ectodermal origins of these structures underlie the
anatomic distinction between them.

Duodenum (second, third, and fourth parts)
Ascending (right) colon

Descending (left) colon

Kidney

Ureters

Pancreas (head, neck, and body)

Aorta

IVC

The Pectinate Line

The pectinate line is where the ectoderm meets the mesoderm. In the devel-
oping embryo, the mesodermally derived hindgut fuses with the ectodermally
derived external anal sphincter (see Figure 1-20). Tissues on each side of this
boundary are fed by separate neurovascular sources (see Table 1-4).

TABLE 1-4. Pectinate Line

CHARACTERISTICS ABOVE BeLow

Cell types Glandular epithelium. Squamous cells.

Cancer type Adenocarcinoma. Squamous cell carcinoma.

Innervation Visceral. Somatic.

Hemorrhoids Internal (painless). External (painful).

Arterial supply Superior rectal artery (branch of Inferior rectal artery (branch of
inferior mesenteric artery). inferior pudendal artery).

Venous drainage  Superior rectal vein — inferior Inferior rectal vein — internal
mesenteric vein — portal system.  pudendal vein — internal iliac

vein.
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The largest secondary lymphatic organ, the spleen, is located in the left supe-
rior flank. It is completely surrounded by peritoneum, except at its hilum,
where the vasculature enters and exits. It is normally apposed to the underside
of the diaphragm, where it rests against the posterior portions of ribs 9-11.
Anterior to the spleen lies the stomach. Inferiorly lies the left colic flexure,
and medially is the left kidney. The spleen is made up of two parenchymal
tissues: Red pulp and white pulp. The red pulp aids the hematopoietic sys-
tem by removing senescent and damaged erythrocytes from the circulation.
The white pulp provides a location for the hematogenous activation of the
humoral immune system.

Red Pulp

The splenic sinusoids make up an interconnected network of vascular chan-
nels. These are lined by elongated endothelial cells and a discontinuous base-
ment membrane made of reticular fibers (see Figure 1-21). The walls separat-
ing the sinusoids are called splenic cords. The splenic cords contain plasma

Arterial supply

Red pulp
(RBCs)

Germinal center
(B cells)
Pals (T cells)

Marginal zone
(APCs)

Central arteriole

Venous drainage

FIGURE 1-21. Diagram and hisologic section depicting splenic sinusoids. (A) Sche-
matic diagram of splenic sinusoids. Here, the important regions of the splenic sinusoid are
delineated. A central arteriole is surrounded by the T-cell periarterial lymphatic sheath, which
is itself surrounded by B cells. A third concentric ring of tissue, the red pulp, contains antigen-
presenting cells (APCs) and macrophages to aid in innate and humoral immunity. RBCs = red
blood cells. (B) Section of spleen. The capsule is seen sending trabeculae to the interior of the
organ. The red pulp occupies most of the microscopic field. Note the white pulp with its arteri-
oles. Picrosirius stain. Low magnification. (Reproduced, with permission, from Junqueira LC,
Carneiro J: Basic Histology: Text and Atlas, 11th ed. New York: McGraw-Hill, 2005.)
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cells, macrophages, and blood cells supported by a connective tissue matrix.
Macrophages adjacent to the sinusoids recognize opsonized bacteria, adher-
ent antibodies, foreign antigens, and senescent red cells as they filter through
the spleen.

White Pulp

The white pulp is made up of immunologic reinforcements. Arranged around
a central arteriole, the white pulp contains immune cells in a specific orien-
tation that facilitates immune activation via hematogenously delivered anti-
gens. As an antigen enters the central arteriole, the vasculature branches into
radial arterioles (emanating from the central arteriole like spokes of a wheel)
and the antigen passes through a surrounding sheath of T cells. This region,
known as the periarterial lymphatic sheath, allows for sampling of the arterio-
lar contents.

If an APC is present, it may activate a number of T cells, which then travel to
the adjacent lymphatic nodule for B-cell activation. This process produces
active germinal centers where B cells mature. Mature B cells, or plasma cells,
defend the host via soluble immunoglobulins secreted into the circulation.

The radial arterioles, which branch from the central arteriole, empty their
contents into the marginal zone. This region of sinusoids between the red
pulp and white pulp contains a high concentration of phagocytic APCs (see
Figure 1-21).

THE LYMPHATIC SYSTEM

The Lymph Node

Like little spleens dispersed along the lymphatic system, these small second-
ary lymphatic organs aid regional adaptive immune responses by housing
APCs, T cells, and B cells (see Table 1-5). Each node possesses multiple affer-
ent lymphatic channels, which enter the node through its capsule near the
cortex. The efferent lymphatics exit at the hilum, along with an artery and
vein (see Figure 1-22). From the afferent lymphatics, antigens and APCs in
the lymph enter the medullary sinus. There, free antigens meet macrophages
for phagocytosis and presentation in association with MHC II for T-cell activa-
tion. Activated APCs bypass the adjacent medullary cords to reach the para-

TABLE 1-5. Lymph Node Organization

REGION DivisioNs CONTENTS AND FUNCTION

Cortex Follicle (outer cortex) Primary follicles contain dormant B cells.
Secondary follicles contain active germinal centers.

Paracortex Helper T cells reside between follicles and the
splenic medulla.
High endothelial venules allow lymphocytes to
enter circulation.

Medulla Sinus Reticular cells and macrophages communicate with
efferent lymphatics.

Cords Closely packed lymphocytes and plasma cells.

CHAPTER 1
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Subcapsular  Capillary Postcapillary
sinus supply  (high endothelial)
venules

Capsule
Afferent

lymphatic

Medullary
sinus (macrophages)

Trabecula

Medullary
cords (plasma
cells)

Efferent

lymphatic Paracortex

(T cells)

Follicle
of cortex
(B cells)

Artery Vein

FIGURE 1-22. Lymph node. Schematic representation of the lymph node structure shows
the major divisions of the node. The medulla consists of cords of plasma cells and sinuses of
macrophages. The cortex consists of dormant and activated B-cell follicles, as well as a T-cell
paracortex.

cortex, where T cells await stimulation. Activated T cells move to the adjacent
cortical follicle, where B cells await costimulatory signals. Once activated,
mature B cells travel back to the medullary cords, where they develop into
plasma cells and secrete immunoglobulins into the adjacent vascular supply.

Lymphatics

As part of the cardiovascular system, the lymphatic vessels drain interstitial
fluid from surrounding tissues (see Tables 1-6 and 1-7). They are also inte-
gral to the process of transporting fats and fat-soluble nutrients and facilitating
the humoral immune response. Their role in immunity involves carrying for-
eign antigens and APCs to lymph nodes for T- and B-cell activation.

The lymph vessels are analogous to veins in their structure and organization.
However, rather than originating from capillary systems, they begin as blind
sacs. The walls of the lymphatic capillary are made up of a layer of loosely
bound endothelial cells, lacking tight junctions and bound to an incomplete
basal lamina. This allows fluid to enter the lumen via hydrostatic pressure.
As distal lymphatic capillaries merge, they produce larger vessels containing
valves, just like veins, that maintain the direction of flow. In addition to inter-
stitial hydrostatic pressure, muscular contractions aid the flow of lymph.

During its course back to the systemic circulation, lymphatic fluid is filtered
through lymph nodes for immune surveillance. The remaining lymph reaches

the bloodstream via one of two major routes: The larger thoracic duct or the
smaller right lymphatic duct.

TABLE 1-6. Lymph Drainage Routes

DRAINAGE ROUTE ANATOMIC REGIONS DRAINED

Right lymphatic duct Right arm, right half of head

Thoracic duct All other regions
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TABLE 1-7. Lymph Drainage Routes

ANATOMIC REGION MaJor LympH NODES

Head and neck Submental, submandibular, retroauricular, parotid,
occipital, superficial and deep cervical.

Breast Axillary (pectoral, subscapular, humeral, apical, central)
Parasternal, supra- and infraclavicular.

Gastrointestinal tract ~ Celiac, mesenteric, paracolic, and supraclavicular.

Gonads Lumbar and preaortic.

Perineum Superficial and deep inguinal.

Upper extremity Cubital, humeral axillary, and deltopectoral.

Lower extremity Superficial inguinal, external iliac, and deep inguinal.

PERIPHERAL NERVOUS SYSTEM

Nerve Cells

During embryonic development, neural crest cells migrate into the periph-
eral tissues, where they differentiate into neurons of the following tissues:

Sensory neurons of the dorsal root ganglia.
Neurons of the cranial nerve ganglia.
Neurons of the autonomic system.
Neurons of the myenteric plexus.

These neurons, the functional units of the peripheral nervous system, contain
three major parts: The cell body (or soma), dendrites, and axons.

The cell body houses the organelles (including the notable nucleus and
the well-developed RER, referred to as the Nissl body).

Dendrites are cytoplasmic processes arising from the soma that provide
increased surface area for axonal synaptic connections, thus facilitating the
reception and integration of information.

Each neuron, in addition to multiple dendrites, has one axon, sprouting
from the soma at the axon hillock and ending in a synaptic terminal, or
bouton.

Because neurons are specialized for signal transduction, they can secrete
several different neurotransmitters. These peptide molecules are produced
in the RER, stored in secretory vesicles, transported through the axon along
microtubules via molecular motors, and eventually released from the axon
into the synaptic cleft. The synaptic cleft is the junction between the synaptic
terminal and an adjacent cell. This vesicular secretion, which is triggered by a
transmitted action potential, is the primary method of neural control.

CHAPTER 1




CHAPTER 1

CLINICAL
CORRELATION

Myelin proteins can be highly
antigenic, leading to autoimmune

disorders, such as Guillain-Barré
syndrome.

ANATOMY AND HISTOLOGY

Schwann cell
. cytoplasm

Myelin

Mesaxon

Outer mesaxon

FIGURE 1-23. Electron micrographs of a myelinated nerve fiber. (A) x 20,000.
(B) % 80,000. (Reproduced, with permission, from Junqueira JC, Carneiro J. Basic Histology:
Text and Atlas, 11th ed. New York: McGraw-Hill, 2005: 173.)

Neuroglia

The Schwann cell, also a descendent of neural crest cells, envelops neurons
in cytoplasmic processes that wrap around the neuron several times. This
encapsulation produces segments of myelin sheathing (see Figure 1-23) that
extend from the axon hillock to the axon terminal. Between each segment is
a naked region of the axon called the node of Ranvier; each myelinated seg-
ment is referred to as an internode.

Peripheral Nerve

Composed of multiple neuronal axons, Schwann cells, and protective con-
nective tissues, the peripheral nerve carries impulses from the central ner-
vous system to the most distal parts of the body, and everywhere in between.
Although individual neurons are surrounded by Schwann cells, a nerve fiber
is more complex (see Figure 1-24). The most external layer of a nerve, known
as the epineurium, is a dense connective tissue layer that covers the entire
nerve, mcludmg its vascular supply. Beneath this layer lie the vessels and
the perineurium. The perineurium acts as a permeability barrier, regulating
nutrient transport from capillaries to the nerve fibers below. The perineurium
invests a number of nerve fascicles, bundles of individual nerves surrounded



ANATOMY AND HISTOLOGY

Nerve trunk

Epineurium
Perineurium

Endoneurium
X Nerve fibers

FIGURE 1-24. Peripheral nerve layers.

by the endoneurium. This final connective tissue layer maintains the pres-
ence of Schwann cells, which create the myelin sheaths and nodes of Ran-
vier, necessary for fast neuronal conduction.

Dermatomes

Usually, successive spinal levels innervate successively caudal regions. Figure
1-25 displays the dermatomal organization of the body, as projected on the
skin.

Brachial Plexus

The motor portions of spinal nerves are organized differently from the sensory
neurons. Instead of clear divisions organized by spinal level that serve succes-
sively distal regions of the body, a great deal of mixing of neurons from each
spinal level produces a single nerve supplying a specific muscle group. The
upper extremity’s brachial plexus is a prime example. As motor neurons exit
the spinal column between C5 and T1, the ventral rami begin to exchange
individual fibers. These rami are considered the roots of the brachial plexus
(see Figure 1-26).

As the five roots reach the inferior portion of the neck, C5 and C6 unite to
form the superior trunk, as C8 and T'1 unite to form the inferior trunk, leav-
ing C7 as the middle trunk. These three trunks pass beneath the clavicle,
where they each split into anterior and posterior divisions. The anterior
divisions of the superior and middle trunks merge to form the lateral cord of

Important Dermatomes
Forehead \'Al
Nipples T4
Umbilicus T10
Anus S5
Thumb Ccé
Knee L3/4
Great toe L5

FIGURE 1-25. Landmark dermatomes.
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Following trauma, the perineurium
must be repaired via microsurgery
to ensure proper nerve regeneration
and functional restoration.




VAR ANATOMY AND HISTOLOGY

fa) ummonic

Organization of the brachial
plexus—

Randy Travis Drinks Cold Beer:

C5 Cé C7 C8 T

:|— Roots
@ LT

Roots
Trunks Upper @)  Middle Lower (2 |- Trunks 1. Waiter’s tip (Erb’s palsy)
Divisions 2. Claw hand (Klumpke’s palsy)

- 3. Wrist drop

d _
gor sh 4. Winged scapula
ranches L Divisions 5. Deltoid paralysis
6. Saturday night palsy (wrist drop)
- 7. Difficulty flexing elbow, variable
n sensory loss
Lateral Posterior (3) Medial — Cords 8. Decreased thumb function,
_ Pope’s blessing
9. Intrinsic muscles of hand, claw
® ® . hand
AxillaryRadial
Extensors
— Branches
@ ®
MC Median Ulnar
Flexors

FIGURE 1-26. Brachial plexus.

the brachial plexus, while the anterior division of the inferior trunk becomes
the medial cord. Both of these cords will eventually supply the muscles
of the anterior compartments of the arm. All three posterior divisions merge
to form the posterior cord, which supplies the posterior compartments of the
arm. From cords, the plexus divides further into its terminal infraclavicular
branches. The major infraclavicular and supraclavicular nerve branches are

listed in Table 1-8. Common injuries associated with the brachial plexus are
listed in Table 1-9.

TABLE 1-8. Principal Branches of the Brachial Plexus

BRANCH Roor INNERVATION
Long thoracic Ventral rami of C5-C7 Serratus anterior.
Suprascapular Superior trunk, C4-C6 Supraspinatus, infraspinatus.
Musculocutaneous Lateral cord, C5-C7 Coracobrachialis, biceps brachii, brachialis.
Median Medial and lateral cords, C6-T1  All forearm flexors (except flexor carpi ulnaris), abductor pollicis brevis,

opponens pollicis, flexor pollicis longus, first and second lumbricals.

Ulnar Medial cord, C7-T1 Flexor carpi ulnaris, flexor digitorum profundus, other intrisnsic hand
muscles.
Axillary Posterior cord, C5, C6 Teres minor, deltoid.

Radial Posterior cord, C5-T1 Triceps brachii, brachioradialis, extensors.
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TABLE 1-9. Common Brachial Plexus Injuries

LEsION LocATION SYNDROME DericiTs
Superior trunk Erb-Duchenne palsy (“waiter’s tip”). Abduction (deltoid).
C5/Cé Lateral rotation (infraspinatus, teres minor).

Supination (biceps).

Inferior trunk Interphalangeal joint extension and metacarpophalangeal Intrinsic muscles of hand, forearm flexors of hand.
C8/T1 joint flexion paralysis (full “claw hand").

Posterior cord Axillary and radial nerve paralyses. Same as for axillary and radial nerves.

C5/6/7/8

Long thoracic nerve Winged scapula. Serratus anterior paralysis.

T1

Axillary nerve Deltoid paralysis. Abduction.

Radial nerve “Saturday night palsy” Wrist drop (supinator, brachioradialis, triceps,

extensors of wrist/fingers).

Musculocutaneous Biceps paralysis. Elbow flexion, arm sensation.
nerve
Median nerve “Pope’s blessing” on making a fist. Thumb abduction, thumb opposition, fourth/fifth

digit extension.

Ulnar nerve Fourth/fifth digit paralysis (partial “claw hand"). Grip strength, fourth/fifth digit flexion/extension,
intrinsic muscles of hand.

THE INTEGUMENTARY SYSTEM

Skin
The skin has several functions:

Mechanical protection
Moisture retention

Body temperature regulation
Nonspecific immune defense

Salt excretion
Vitamin D synthesis "m
Tactile sensation
Layers of the epidermis:
The skin is composed of three layers: The epidermis (ectodermally derived), ¢, itormians Like Girls in String
the deep dermis (endodermally derived), and the hypodermis, or subcutane- Bikinis.

ous tissues.
Stratum Corneum

Stratum Lucidum
Stratum Granulosum
The epidermis is predominantly made of keratinocytes, or epithelial cells  Stratum Spinosum
named for the intermediate filament protein keratin. The epidermis is orga-  Stratum Basalis
nized into five layers (see Figure 1-27).

EPIDERMIS
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Stratum corneum
Stratum lucidum
Stratum granulosum
Epidermis 4
Stratum spinosum

) Stratum basalis
Dermis—

FIGURE 1-27. Epidermis layers.

The stratum basalis is composed of columnar keratinocytes bound to a base-

ment membrane via hemidesmosomes. Cellular proliferation occurring at this

level maintains the population of epidermal stem cells, replenishes sloughed

skin cells, and contributes to epidermal wound healing. These columnar kera-

» A ‘- tinocytes undergo a process of differentiation, during which time they become
ORWARD progressively flattened and superficially located. At the level of the stratum

spinosum, keratinocytes have a flattened polygonal shape and an ovoid

nucleus. By the time they reach the stratum corneum, they are completely
flattened and lack nuclei.

Autoantigens against cellular
adhesion molecules lead to
debilitating blistering diseases such

as bullous pemphigoid. The epidermis also contains other cell types: melanocytes, Langerhans’ cells,

and Merkel cells.

Melanocytes, derived from the neural crest, produce melanin, a tyrosine
derivative responsible for skin pigmentation.
Langerhans’ cells are bone marrow—derived dendritic cells residing in the
skin. Once activated, they migrate to secondary lymph organs to present
antigens to T cells.
Merkel cells, found in the stratum basalis, contribute to the function of
the numerous mechanoreceptors present in the epidermis. A myelinated
»m <'. sensory axon actually ends in an unmyelinated portion, called the nerve
ORWARD plate, which synapses on the Merkel cell. This synapse allows the Merkel

cell to signal tactile sensation.

A deficiency in tyrosinase leads
to albinism, a congenital lack of

o In addition to Merkel cells, two other specialized sensory structures exist
melanin.

within the body: Meissner’s corpuscles in the dermis and Pacinian corpus-
cles in the deep tissues (see Figure 1-28).

DERMIS

The epidermis is anchored to its basement membrane by hemidesmosomes.
Two indistinct layers, the papillary layer and the reticular layer, reside just
below. The papillary layer (primarily loose connective tissue) consists of fibro-
blasts, collagen, and elastic fibers, while the reticular layer contains mostly
collagen and elastic fibers.

SKIN APPENDAGES

Skin appendages (hair follicles, sweat glands, and sebaceous glands) are
present in the dermis, as is the blood supply to the skin (see Figure 1-29).
Hair shafts are made of hardened keratin, while the follicular bulb where
the hair originates contains stem cells capable of repopulating the follicular
shaft, or even the epidermis following injury. Sebaceous glands are oil-produc-
ing glands that actually empty their contents into the hair follicle, the tubu-
lar invagination that the hair shaft follows as it grows to the surface. Sweat
glands occur in two forms. The eccrine sweat gland is a ubiquitous coiled
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| \ Meissner’s - Small, encapsulated nerve endings found in the

\ / dermis of palms, soles, and digits of skin. Involved
3 / in light discriminatory touch of glabrous (hairless).
A\

Pacinian - Large, encapsulated nerve endings found in deeper
layers of skin at ligaments, joint capsules, serous
membranes, and mesenteries. Involved in pressure,
coarse touch, vibration, and tension.

Merkel’s - Cup-shaped nerve endings (tactile disks) in dermis
of fingertips, hair follicles, hard palate. Involved
in light, and crude touch.

FIGURE 1-28. Sensory corpuscles.

y Dermal
Erector pili muscle Sebaceous vascular
gland plexus

Epidermis
"] Granular layer
:l Spinous layer
Papillary :l Basal layer
dermis
— Melanocyte
Basal
melanocyte
Reticular
dermis
Subcutaneous
tissues

Hair Eccrine
follicle gland

Adnexal structures

FIGURE 1-29. Skin appendages. The histologic schematic representation of skin (left) demonstrates a complex organization of cells,
connective tissue, blood vessels, and adnexal structures. The drawing (upper right) depicts the orderly maturation of keratinocytes in the
epidermis. The electron micrograph (lower right) shows details of the basement membrane, which is the interface between the epidermis

and the dermis.
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Pulmonary surfactant reduces
the surface tension at the air-fluid
interface, thus decreasing the
tendency for alveolar collapse.
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Amniotic fluid surfactant levels can
be used as a surrogate measure of
fetal lung maturity. Steroids are given
to premature infants to increase
pneumocyte surfactant production.
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gland innervated by cholinergic nerves and used in temperature regulation.
The apocrine glands, regulated by adrenergic stimuli, only become active fol-
lowing puberty. These coiled glands are found in the axilla, mons pubis, and
circumanal regions.

THE RESPIRATORY SYSTEM

Respiratory Histology

Once air has traveled through the air-conducting channels (nasal cavities,
nasopharynx, oropharynx, larynx, trachea, bronchi, and bronchioles), it enters
the respiratory tissues. These include the respiratory bronchioles, alveolar
ducts, alveolar sacs, and alveoli.

BRONCHI AND BRONCHIOLES

Except for their smallest divisions, these airways are involved in conducting
inhaled air to the lung, rather than gas exchange. Primarily, the walls of the
conducting airways contain a pseudostratified columnar ciliated epithe-
lium, composed of three cell types:

Ciliated epithelial cells: Coordinated ciliary motion helps to expel respi-
ratory secretions that have collected pathogens and debris from inspired
air.

Goblet cells: Produce mucus and protect the airway and lung tissue from
inspired particles.

Basal cells: Provide structural support to the airway.

ALVEOLUS

Despite the many subdivisions of lung tissue, the basic functional unit is the
alveolus. The lungs contain about 300 million alveoll which increase the sur-
face area for gas exchange to approximately 75 m? . Each alveolar wall consists
of two cell types, type I and type II alveolar cells, with each serving separate
physiologic functions (see Figures 1-30 and 1-31).

Continuous with the low cuboidal epithelium of the adjacent respiratory
bronchiole, 90% of the alveolar surface is covered with type I alveolar cells.
This anatomic arrangement allows deoxygenated blood to come into close
proximity with O, inhaled from the environment. In fact, the primary func-
tion of the type I alveolar cell, a simple squamous epithelial cell, is to form
the first layer of the air-blood barrier. Below the type I cells lay a dual basal
lamina and endothelial cells of the alveolar capillaries, completing a semiper-
meable barrier permissive of O, and CO, diffusion.

The type II alveolar cell, also known as the Clara cell, or C cell, is normally
located at the angles formed by adjacent alveolar septa. Their primary func-
tion is the production of pulmonary surfactant. However, C cells also act as
progenitors to the type I cell, differentiating, proliferating, and repopulating
the alveolar surface during periods of injury and repair.

Lung Anatomy

The lungs are enveloped in serosal tissue, known as pleura, which has two
layers. Apposed directly to the lung is the visceral pleura. The parietal pleura
is adherent to the chest wall. Fluid within the potential space between the
visceral and parietal pleura allows respiratory tissues to slide effortlessly as the
lung expands.
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Surfactant
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FIGURE 1-30. Gas exchange barrier. The thickness of the gas exchange barrier is high-
lighted, as well as the anatomic relations of important cell types: type I and type II epithelial
cells, endothelial cells, macrophages, and red cells.

Fach lung is divided into lobes, which are further divided into bronchopul-
monary segments. FEach bronchopulmonary segment corresponds to a branch
of the bronchial tree that delivers O, to the lung. The right lung is composed
of three lobes, and the left lung, two. However, the superior lobe of the left
lung contains a region, the lingula, which is analogous to the right lung’s
middle lobe. The cardiac notch, into which the apex of the heart protrudes,
replaces the middle lobe. The bronchial tree begins at the trachea, which
branches into right and left main stem bronchi. The left is slightly longer,
while the right makes a shallower angle (runs more vertically), with the tra-
chea at its bifurcation.

The major vascular supply to each lung begins as a single branch of the pul-
monary artery (carrying deoxygenated blood) and ends as two pulmonary
veins (carrying oxygenated blood to the left atrium). Between these large ves-

FIGURE 1-31. Alveolar wall electron microscopy. Electron microscopy shows a capillary
lumen (Cap), an endothelial cell (End), a type I endothelial cell (Epi), and the alveolar space
(AS). (Image courtesy of PEIR Digital Library [http://peir.net].)
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Aspirated foreign bodies end up in
the right main bronchus more often
than in the left, because the course
of the right is more vertical than that
of the left.
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sels, the vasculature branches into intrasegmental pulmonary arteries, which
travel with branching airways. These end in capillary networks, within the
alveolar septae, that facilitate gas exchange. In addition to the pulmonary ves-
sels, the bronchial circulation aids in supporting the respiratory tissues. Orig-
inating from the aorta, blood from the bronchial circulation is dumped into
the pulmonary venous circulation after passing through the lung. Although
it is relatively deoxygenated, it mixes with recently oxygenated blood and is
delivered to the left atrium.

ANATOMIC RELATIONS

The lungs reside within the rib cage, under the protection of the bony skel-
eton. The apices are at the level of the first rib, while the bases rest in the left
and right costodiaphragmatic recesses. Along the midclavicular line, the lung
can be auscultated from just above the clavicle to the seventh or eighth rib.
Posteriorly, the lung extends more distally, deep into the costodiaphragmatic
recess, at the 11th or 12th rib.

Within the chest, each of the three lung surfaces (mediastinal, costal, and
diaphragmatic) is in close proximity to important structures.

Mediastinal surface: Marks the lateral extent of the mediastinum, which
houses the heart, great vessels, esophagus, trachea, thoracic duct, bronchial
hilum, and hilar lymph nodes, as well as the vagus and phrenic nerves.
Costal surface: Primarily contacts the inside of the chest wall. As men-
tioned previously, two layers of pleura exist between the functional lung
tissue and chest wall.

Diaphragmatic surface: The diaphragm, the major muscle of respiration,
resides just below each lung.

The diaphragm, a thin sheet of muscle separating the thorax and abdomen,
is innervated by the phrenic nerves, which originate from cervical roots C3,
C4, and C5. A number of vital structures cross the diaphragm to pass from
the thoracic to the abdominal cavity. In particular, the aorta, esophagus, and
inferior vena cava (IVC) each pierce the diaphragm at different thoracic ver-
tebral levels. The IVC, the most anterior of the three structures, crosses at the
level of T8. The esophagus crosses at T10 and the aorta crosses at T12 (see
Figure 1-32).

Central tendon

Inferior vena cava (T8)

Esophagus (T10)

Aorta (T12)

Vertebrae

FIGURE 1-32. Diaphragm structures. Inferior view.
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THE GASTROINTESTINAL SYSTEM

Small Intestinal Layers

The major organ of nutrient absorption from the gut, the small intestine is
composed of several layers, each contributing to the coordination of digestion
and transport.

Mucosa: Absorption.

Submucosa: Vascular and lymphatic supply.

Muscularis externa: Mechanical mixing, dissociation, and propulsion.
Serosa: Protection.

MucosA

The absorption barrier of the alimentary canal. Composed of polarized epi-
thelial cells specialized in transport, the intestinal mucosa uses several molec-
ular and structural adaptations that allow it to efficiently extract nutrients from
digesting food.

Structurally, the mucosa has four adaptations that increase the absorptive sur-
face area:

Plicae circulares (circular folds, or folds of Kerking)
Intestinal villi

Intestinal glands

Microvilli on the apical epithelium

A plicae circularis is a permanent folding of the mucosa and submucosa into
the lumen of the intestine. Their distribution is not uniform throughout the
intestine, but instead begins within the duodenum, peaks at the duodenoje-
junal junction, and ends at the mid-ileum. Intestinal villi, on the other hand,
are near-uniform finger-like projections of the mucosa into the lumen. These
projections extend deep into the mucosa, to the muscularis mucosa, the
boundary between the mucosa and the submucosa and ending in intestinal
glands known as crypts of Lieberkiihn. These glands are not actually secre-
tory glands, but rather exist to enhance absorption.

Finally, each enterocyte, or intestinal epithelial cell, contains microvilli on
its apical border. This brush border increases the surface area approximately
30-fold. Microscopically, the microvillus contains a core of parallel cross-
linked actin filaments bound to cytoskeletal proteins. The brush border is
coated in a glycocalyx, a surface coat of glycoproteins excreted by columnar
secretory goblet cells. In addition, the luminal membrane contains several
intramembranous enzymes (e.g., maltase, lactase, enterokinase) integral to
digestion and small molecule absorption. Intracytoplasmic enzymes break
down absorbed di- and tripeptides.

SUBMUCOSA

The site of vascular and lymphatic supply to the intestine. This layer, com-
posed of loose connective tissue, contains a vascular plexus that extends capil-
laries into the surrounding layers The lymphatic drainage of the submucosa
begins as blind-ended channels, known as lacteals, within the core of the
intestinal villi. These lacteals empty into a submucosal lymphatic plexus that
shuttles antigens to nearby lymphatic nodules and emulsified fat-soluble nutri-
ents to the liver.

CHAPTER 1

K( FLASH BACK

Molecularly, the intestinal epithelium
employs cell adhesion molecules to
determine polarity and maintain the
physical barrier between the body
and the intestinal lumen (external
environment).

ASH
ORWARD

Defects in lactase activity lead

to lactose intolerance. Loss of
other intramembranous enzymes
(e.g., enterocyte toxicity following
chemotherapy) leads to osmotic
diarrhea.
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Invasive adenocarcinomas that
reach the submucosa are able to

metastasize via the rich lymphatic
and vascular plexus.
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Dysfunction of the plexus, due
to either congenital absence
(Hirschsprung's disease) or
neurologic injury (diabetic
neuropathy), leads to decreased
intestinal motility.

ANATOMY AND HISTOLOGY

Within the duodenum, the submucosa contains Brunner glands, tubuloaci-
nar mucus glands that produce an alkaline (pH ~ 9) secretion to neutralize
acidified chyme from the stomach. Within the ilium reside the lymphatic
nodules that provide immunologic surveillance to the intestines.

These nodules, also known as Peyer’s patches or gut-associated lymphoid tis-
sue (GALT), contain a germinal center of B cells surrounded by specialized
APCs: M cells and dendritic cells. Antigens enter the Peyer’s patch through
antigen presentation via M cells and dendritic cells. The B cells of the GALT
germinal center are specialized; they produce a specific immunoglobulin,
IgA, which can be secreted into the intestinal lumen to neutralize pathogens
before they invade the epithelium.

The submucosa also houses one of the two neural plexus located within the
small intestine. Considered part of the autonomic system, these neural net-
works receive a great deal of intrinsic input from the intestinal parenchyma.
This allows the gut to operate nearly independently from the central nervous
system, although its action can be modulated via extensive extrinsic neural
input. Two networks control the activity of the small intestine: The submu-
cosal plexus of Meissner and the myenteric plexus of Auerbach. They are
extensively interconnected and probably equally modulate mucosal and mus-
cular activity, coordinating action to maximize digestion.

MuscuULARIS EXTERNA

Intestinal motility is controlled by two layers of smooth muscle. One circular
layer is surrounded by a second longitudinal layer (Auerbach’s plexus resides
between these two layers). Coordinated muscular contraction produces two
types of mechanical results: Propulsion and segmentation.

Propulsion occurs when proximal contraction is coordinated with distal
relaxation. This leads to increased upstream pressure, which slowly pro-
pels food through the digestive system. Contraction of proximal sphincters
ensures that the food bolus only moves distally.

Segmentation occurs when a bolus of food is mechanically compressed
and split into two portions as the lumen constricts near the bolus center,
not merely proximal to it. If this contraction is not coordinated with distal
relaxation, the bolus cannot be propelled forward. Instead, its contents are
mixed by the muscular contractions.

SEROSA

The serosa is composed of visceral peritoneum covering the small intestine. It
is lined by a simple squamous epithelium.

THE ADRENAL SYSTEM

Adrenal Gland

Situated atop the kidney, the adrenal gland has an outer cortex surround-
ing an inner medulla. The mesodermally derived cortex produces ster-
oid hormones, while the neuroectodermally derived medulla produces
catecholamines.
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CORTEX

Three-story steroid hormone factory. Fach of the three layers of the cortex (see
Figure 1-33) expresses specific enzymes for producing steroid hormones built
from a cholesterol precursor.

Zona glomerulosa: The outermost layer, which produces salt-regulating
aldosterone.

Zona fasciculata: The middle layer, which produces the stress hormone
cortisol.

Zona reticularis: The innermost layer, which produces sex hormones
(androgens).

The zona glomerulosa is a region of concentrically arranged secretory epithe-
lial cells, surrounded by a vascularized stroma. Residing just below the protec-
tive fibrous capsule of the gland, these cells are marked by a well-developed
SER producing the mineralocorticoid aldosterone. Angiotensin II, produced
in the lung, can trigger both release of aldosterone and hypertrophy of the
zona glomerulosa.

The functional distinctions between the zona fasciculata and zona reticularis
are less well developed, as are their morphologic boundaries. These regions
are often treated as a functional unit. The columns of polygonal cells in the
zona fasciculata occupy the majority of the cortex. Fenestrated capillaries
intersperse these fascicles, delivering corticotropin (ACTH) to regulate cor-
tisol secretion back into the capillaries for systemic delivery. The zona retic-
ularis, rather than forming columns or concentric circles, forms a network

of cells, also surrounded by fenestrated capillaries for regulation by plasma
ACTH.

MEDULLA

The adrenal medulla oversees the systemic stress response. Epinephrine and
norepinephrine (NE), two tyrosine-derived chemical messengers of the sys-
temic stress response, are produced here. Although NE is also released within

Cortex (from mesoderm)

Medulla (from neural crest)

Primary
regulatory control Anatomy Secretory products
Capsule [ - =
Renin-angiotensin — Zona [ &8 £ f:f_: | — Aldosterone
Glomerulosa L[ 200 -
ACTH, hypothalamic =~ — Zona — Cortisol,
CRH Fasciculata : ) sex hormones
ACTH, hypothalamic ~ — Zone L iee bzl — Sex hormones
CRH Reticularis fﬁé& (e.g., androgens)
Preganglionic —> Medulla \,,\//J m —> Catecholamines

sympathetic fibers (Epi, NE)

Chromaffin cells —*

FIGURE 1-33. Schematic depiction of the cortex of the adrenal gland. ACTH = corti-
cotropin; CRH = corticotropin-releasing hormone; Epi = epinephrine; NE = norepinephrine.
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Deficiencies in enzymes of the
adrenal gland lead to defects in
physiology and sexual development.
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Catecholamine breakdown products,
vanillylmandelic acid (VMA) and
metanephrine, can be measured

in the urine to determine systemic
catecholamine levels.
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The most common tumors of the
adrenal gland are adenomas from
the cortex, neuroblastomas from
medullary neural crest cells, and
pheochromocytomas arising from
the medullary chromaffin cells.
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the synaptic cleft of adrenergic neurons, these catecholamines are released in
bulk into the venous sinusoids of the medulla. In fact, the adrenal medulla,
like the autonomic nervous system, is derived from the neuroectoderm. They
also receive innervation from sympathetic presynaptic neurons, thus acting as
a modified sympathetic postganglionic neuron.

The medullary secretory cells, chromaffin cells, synthesize either epineph-
rine (80%) or norepinephrine (20%), but not both. These secretory products
are produced from tyrosine, rather than cholesterol, as in the cortex.
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' KEY FACT

Epidemiologic questions are easy
points, but only if students know the
definitions and understand the basic
calculations.

BEHAVIORAL SCIENCE

. Epidemiology

Increasingly, emphasis has been placed on the concept of evidence-based
medicine. Every year, more questions about the techniques used to conduct
research and interpret basic tests appear on Step 1. An understanding of the
methodology and interpretation of research studies and the significance of
diagnostic test results is very helpful.

Common types of questions include:

Given a description of the population studied and the methods used, what
type of study is this?

Given a description of the study population and the goals of the research,
what type of study is most appropriate?

Perform common calculations and understand the mathematical defini-
tions and significance of terms such as “false-positive” and “false-negative.”

Studies can be divided into two types, purely observational and experimen-
tal. Observational studies look at events that will happen with little or no
manipulation by the person performing the study. Experimental studies often
require the person performing the study to assemble subjects, design a study
protocol, and perform some type of intervention.

Observational Studies

CASE STuDY OR CASE SERIES

A written description of a patient or particular problem, generally used to
document a unique manifestation of a disease, the first incidence of a new
disease, or some clinical presentation that might be of interest to other physi-
cians. A case series is simply a collection of case studies that document a simi-
lar patient presentation or disease manifestation.

Example: Case studies began to appear in the early 1980s that documented
rare opportunistic infections in apparently healthy young patients. These were
some of the earliest documentations of HIV/AIDS before the disease was
recognized.

CROSS-SECTIONAL STUDY

Assesses a population of patients at a given point in time. It answers basic
questions, such as, “In a given population, how many people have a disease?”
or “How many people have risk factors in population X?” Think of a cross-
sectional study as a large survey taken at a point in time.

Example: In the 1980s, some physicians noticed that hemophiliacs had a high
incidence of AIDS. To determine how many hemophiliacs had HIV/AIDS in
1988, a cross-sectional study, or survey, could have been performed of this
population to find that the number was over 50%.

CaAse-CONTROL STuDY

Compares two groups of people: Those with a condition or disease versus sim-
ilar persons without the condition or disease. Once a person with the condi-
tion is identified (a case), he or she is matched with a demographically similar
person without the condition (control). The two groups are then compared
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for differences that may provide insight into possible causes or risk factors, as
illustrated in Figure 2-1.

Example: To determine why some hemophiliacs contracted HIV/AIDS in the
1980s when many others did not, a case-control study was performed. A group
of HIV-positive hemophiliacs was identified, and each case was matched to an
age-, sex-, race-, and location-control hemophiliac who did not contract the
disease. When the data were analyzed for differences between the two groups,
it was found that the HIV-positive hemophiliacs were far more likely to have
received more blood transfusions than the controls.

COHORT STUDY

Examines a large group and watches it evolve over time. Generally, at the
outset, the participants do not have the condition or disease being studied. It
is expected that some individuals in the study will develop the condition or
complication being studied. This is shown in Figure 2-2.

Example: To determine the risk of HIV transmission in IV drug users, identify
a cohort of HIV-negative IV drug users and follow them for 10 years.

Experimental Studies

CLiNnicAL TRIAL

A direct test of a drug, technique, or other intervention. Subjects are divided
into at least two groups, with one group acting as a control that receives either
a placebo or the current standard of care treatment. The other group is given
the intervention being studied (see Figure 2-3). Often, such trials are double-
blind, meaning that neither the subjects nor the experimenters know who is
receiving the actual treatment and who is receiving the placebo.

Example: To test a new HIV drug, similar HIV subjects are recruited and
divided randomly into treatment and placebo groups. Experimenters do not
know who is receiving the actual drug versus the placebo. At the end of the
experiment, the group assignment is revealed to allow for comparison of the
outcomes.

Exposure
Yes Outcome
No |= QOutcome
Past < Prgsent
time

Find cases, then pick controls (study is done after the fact).

FIGURE 2-1. Case-control study.
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' KEY FACT

In a case-control study, the cases
already have a condition or

iliness, and controls are chosen
retrospectively. In a cohort study,
participants do not yet have a
condition or illness; thus, they are
observed prospectively.

' KEY FACT

The Framingham Heart Study is

a very well-known cohort study

that has followed the residents of
Framingham, Massachusetts, for
decades. Over 1000 papers on
cardiac health have come out of this
study.
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Exposure
Yes Qutcome
Healthy
study
sample
No Outcome
Present
time

Watch and wait.

FIGURE 2-2. Cohort study.

Cross-OVER STUDY

Participants are randomized into one of two treatment groups, with the control
group often given a placebo. After the experiment is performed once, how-
ever, participants are switched, or crossed over, into the opposite treatment
group and the experiment is run again. Thus each participant receives both
treatments at different times and can act as his or her own control. In essence,
this is a variation of a case-control study; it is illustrated in Figure 2-4.

Example: A drug that may temporarily raise CD4 T-cell counts in HIV-
positive individuals is being tested. Half of the subjects are assigned to a treat-
ment group the other half to a placebo group, and the effects are measured.
Because the effect is not permanent, one could repeat the experiment with
switched groups. One can compare each subject’s response to the drug and
the placebo.

META-ANALYSIS

Combines the data from many preexisting studies on the same topic to pro-
duce what is essentially one big study. It is not necessary to understand the
statistical techniques for the USMLE.

Treatment
Yes Qutcome
Healthy
study
sample
No > Qutcome
Present =
time

Watch and wait.

FIGURE 2-3. Clinical trial.
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Expose
Exposure again
Yes Outcome / Yes Outcome
Study

sample \

No Qutcome No Outcome

Time lag
Present
time

Watch and wait.

FIGURE 2-4. Cross-over study.

Example: Many studies have assessed the effectiveness of treatments to pre-
vent immunosuppression in HIV. However, no one study is large enough to
state unequivocally that the treatment is truly effective. By combining the
results of multiple studies, more definitive conclusions are possible.

Any time studies are combined, think meta-analysis. A meta-analysis is only
as good as the studies it combines. Even when the studies are based on good
data, it is hard to accurately combine studies because the methodology of

each must be controlled.

All studies described above are compared in Table 2-1.

TABLE 2-1. Comparison of Study Types

Case Studies/Case Series
Easy.
Purely descriptive.
Do not address causality.
Do NOT provide prevalence statistics or

other epidemiologic data.

Cross-Sectional Studies

Fairly easy.

Purely descriptive.

Do not address causality.

DO NOT provide prevalence statistics or

other epidemiologic data.

Case-Control Studies
Retrospective.
Can be quick.
Do NOT provide prevalence statistics or
other epidemiologic data.
Good for rare diseases.

Cohort Studies

Prospective.

Can take a long time.

Do provide prevalence statistics or other
epidemiologic data.

Not good for rare diseases.

Clinical Trials
Good if effect is permanent.
Prone to bias.
Gold standard if randomized and
blinded.

Cross-Over Studies

Good if the effect is temporary.
Prone to bias and unanticipated

permanent effects.

CHAPTER 2
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In statistics, bias refers to any part of the study that may inadvertently favor
one outcome or result over another. Bias is often unintentional, but has the
potential to invalidate conclusions. It is possible to detect certain forms of bias
by analyzing the study in question.

Types of Bias

CONFOUNDING BiAs

Can occur when one variable is closely related to another. If the researcher
does not appreciate the relationship, the incorrect variable may be measured.

Example: A scientist notes that certain people stand outside every day dur-
ing their breaks at work. He also notices that these same people often develop
lung cancer. He collects data and finds that the more time one spends stand-
ing outside during work breaks, the more likely one is to develop lung cancer.
He concludes that being outside causes lung cancer. In reality, of course, the
people who stand outside a lot develop lung cancer because they smoke.

SAMPLING BIAs

Occurs when the sample of people chosen for the study (or one group within
the study) is not representative of the pool from which they were chosen.

Example: To test a new treatment for diabetes, 1000 men over the age of 65
are enrolled in a study. The drug appears to be effective in controlling symp-
toms. However, when marketed to the general population, the results are less
favorable because the original study excluded younger patients or females,
who respond poorly to the medication.

RECALL BIAs

When people are asked to recall information retrospectively, they are often
biased by knowledge gained after the fact, such as whether they received a
placebo or a real drug.

Example: At the end of a study, a group of patients is told that they received
the real drug and not a placebo. When asked if the drug worked, the patients
are more likely to say “yes” if their personal bias going into the study was that
the drug would work.

SELECTION BiAs

Occurs when either the subjects or the investigators choose how to group par-
ticipants for the purposes of the study. In this situation, the distribution of sub-
jects within the groups is often not random.

Example: Subjects with cancer are given the choice of receiving the standard
chemotherapy treatment or an experimental treatment. The subjects with
the advanced cancers disproportionately choose the experimental treatment
because they know that the standard treatment is ineffective for late-stage can-
cer. Those receiving the experimental treatment might do worse on average,
due not to the inherent ineffectiveness of the drug, but to the disproportionate
number of very sick patients who chose this treatment.

LATE-LOOK BIAS

The results are recorded at the wrong time, skewing the outcomes.
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Example: Persons with a certain stage of colon cancer have, on average, 5
months to live. Half are given an experimental treatment, and they are
found to have lived an average of 3 months. The investigators conclude that
the treatment actually shortens life expectancy by 2 months. However, they
overlooked the fact that treatment itself took 3 months. In this situation, the
treated group actually lived 1 month longer!

Reducing Bias

Two common ways to reduce bias include blinding and randomization.

BLINDING

Participants are not told which intervention they are receiving. Physicians per-
forming the study may also be blinded, so that they do not know which inter-
vention they are administering. In a double-blind study, neither party is aware
who is receiving which intervention. Blinding prevents recall bias.

Example: A placebo is the classic way to blind participants in a study. A pla-
cebo is an inactive treatment that looks, tastes, and feels identical to the actual
drug; thus, participants do not know which treatment they are receiving.

RANDOMIZATION

Participants are grouped randomly into study groups. Randomization prevents
selection bias, because neither subjects nor study conductors are involved.

Example: After a pool of subjects for a study is chosen, the subjects are placed
in the intervention group or the placebo group based on a coin toss. Potential
differences between subjects that may skew results are more likely to be ran-
domly distributed into both groups.

Prevalence, Incidence, and Duration

Prevalence is how many people in a sample group have a condition at a cer-
tain point in time. Often written as a ratio, such as “1 in 4 persons over the
age of 40 has high cholesterol.”

Incidence is how many people will newly acquire a condition in a given
period, such as “1 in 50 per year.”

Duration is how long a given condition lasts, on average.
These three terms are related by the formula:
Incidence x Duration = Prevalence

Example: In a given population, 1 in 100 persons acquires a new plantar wart
each year (incidence). On average, the wart will last two years (duration). Sur-
vey this population in any given year, and roughly 2 in 100 persons will have a
plantar wart (Incidence X Duration = Prevalence).

Sensitivity, Specificity, and Predictive Value

When a patient is given a test for a condition, the test most often yields one
of two results, positive or negative. However, no test is 100% accurate. Thus,
there are four possibilities:

True-positive (TP) is a positive test result in a person who has the
condition.

CHAPTER 2

Don’t be BIASeD:

Bad sample

Incorrect variable
After-the-fact recall bias
Selection bias
Delayed/late-look bias

' KEY FACT

Randomized, double-blind clinical
trials are the gold standard for robust
studies.

' KEY FACT

For diseases with very short
durations, incidence = prevalence.

' KEY FACT

Shorten the disease OR reduce the
incidence to reduce the prevalence.
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' KEY FACT

Sensitivity = TP / (TP + FN)
Use sensitive tests to rule a
condition out.

Specificity =TN / (TN + FP)
Specific tests are used to rule
conditions in (“SpIN").

' KEY FACT

Positive predictive value = TP /
(TP + FP)

Negative predictive value = TN /
(TN + FN)

' KEY FACT

The lower the prevalence of a
disease, the lower the positive
predictive value, even if the test's
sensitivity and specificity are high!
Remember there can't be many
true-positives if there aren’t many
patients.
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False-positive (FP) is a positive test result in a person who does not have
the condition.

True-negative (TN) is a negative test result in a person who does not have
the condition.

False-negative (FN) is a negative test result in a person who does have the
condition.

True-positives and false-negatives actually have the condition being tested for.
True-negatives and false-positives do not have the condition (see Figure 2-5).

These four outcomes for any test are used to calculate sensitivity, specificity,
and predictive values.

Sensitivity is the percentage of positive test results (IP) among a population
with the tested condition (TP + FN).

Specificity is the percentage of negative test results (TN) among a population
without the tested condition (TN + FP).

Positive predictive value is the likelihood that a positive test result truly
means that a patient has a given condition, i.e., the number of correct positive
tests (TP) out of the total number of positive tests (TP + FP).

Negative predictive value is the likelihood that a negative test result truly
means that a patient does not have a given condition, i.e., the number of cor-
rect negative tests (TN) out of the total number of negative tests (TN + FN).

The interrelationships between these values are depicted in Figure 2-6.

Steps to solve the common board questions related to sensitivity and
specificity:

Pick an easy number to use for the sample patient population (any number
works).

Use prevalence to calculate how many in the sample do and do not actu-
ally have the disease.

For those who do have the disease, use the test’s sensitivity to determine
how many would test positive (true-positives) and how many would test
negative (false-negatives).

For those who do not have the disease, use specificity to calculate how
many will test negative for the disease (true-negatives) and how many will
test positive (false-positives).

Calculate the positive predictive value by dividing the true-positives by all
positive test results. Calculate the negative predictive value by dividing the
true-negatives by all negative results.

+ Test —Test
Ha!ve the True-positive False-negative
disease
Do not have False-positive True-negative
the disease P 9

FIGURE 2-5. Positive and negative test results.
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1000
Sample size

Prevalence = 1%

10 990
Have the condition Do not have the condition
Test sensitivity = 90% Test specificity = 80%
A, A
9 1 792 198
Have the condition Has the condition Do not have Do not have the
and but does not the condition condition but
test positive test positive and test negative do not test negative
(true-positive) (false-negative) (true-negative) (false-positive)
Positive predictive value Negative predictive value
= true positives (all = true negatives (all
positives) = 4.3% negatives) = 99.9%

FIGURE 2-6. Integrating prevalence, sensitivity, specificity, and predictive values.

0dds Ratio and Relative Risk

Odds ratios and relative risk express how much more likely something is to
occur if a certain condition is met, such as a patient being exposed to an ill-
ness or receiving a particular treatment. These are calculated based on known
outcomes, as in the example in Figure 2-7.

Died Survived
Exposed to 20 5
pathogen (A) (B)
Not exposed 10 20
to pathogen (©) (D)

FIGURE 2-7. Outcomes matrix for a patient exposed to a pathogen.
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' KEY FACT

If the outcome investigated is very
rare, odds ratio = relative risk.
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ABSOLUTE RiIsK

Relative risks and odds ratios are calculated from the above type of chart
using absolute risk, which is the likelihood of an outcome given a particular
condition.

Absolute Risk (of dying if exposed) = A/ (A + B)
Absolute Risk (of dying if not exposed) = C / (C + D)

ATTRIBUTABLE RISK

Absolute risk (if not exposed) demonstrates that some subjects will have the
outcome being studied, even when the condition is not met. To calculate how
much risk is actually due to the condition being studied, use attributable risk.

Attributable Risk = Absolute Risk (if exposed) — Absolute Risk (if not exposed)
=A/(A+B)-C/(C+D)

RELATIVE RisK

Absolute risk describes the likelihood of an outcome given a condition being
met. Relative risk divides the likelihood (or percentage) of an outcome given
a condition being met by the likelihood of the same outcome if the condition
is not met.

Relative Risk is (A/(A + B)) / (C/(C + D)).

In the example above, there is a 2.4 times greater chance of dying after being
exposed to the pathogen versus not being exposed.

Obbs Rartio

This divides the odds of an outcome given a condition by the odds of the same
outcome when the condition is not met.

Odds Ratio = (A /B) /(C / D)

In the example above, the odds of dying after being exposed to the pathogen
are eight times higher than if not exposed.

Studies that create a sample population based on outcome, such as case-
control studies, must use odds ratios.

Studies that create a sample population based on exposure or treatment,
such as a controlled trial or cohort study, can use relative risk.

Precision, Accuracy, and Error

Precision, accuracy, and error describe the quality of measurements, such as
those produced by a laboratory test.

Precision is the reproducibility of a measurement.

Accuracy is how close a measurement is to the true value.

Systematic errors are errors that occur the same way every time a mea-
surement is taken. As a result, the measurements are wrong in the same
way each time and thus are not accurate, but are precise.
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FIGURE 2-8. Relationship of error to precision and accuracy. (A) High precision and
high accuracy; low random error and low systematic error. (B) High precision, but low accu-
racy; low random error, but high systematic error. (C) Low precision, but high accuracy; high
random error, but low systematic error. (D) Low precision and low accuracy; high random er-
ror and high systematic error.

Random error is unavoidable error that is different each time a mea-
. . .. . KEY FACT
surement is taken. This reduces precision. It also reduces accuracy if the

amount of error is large.

Systematic errors decrease
accuracy. Random error decreases

These differences are shown in Figure 2-8. ra
precision.

. Disease Prevention

FORMS OF DISEASE PREVENTION

Public health officials try to limit disease through primary, secondary, or ter-
tiary prevention.

Primary Disease Prevention

Primary disease prevention is a method used to stop the disease before it
starts. For example, vaccination is used to build immunologic resistance and
thus limit the infectivity and spread of a disease. Recently, a cervical cancer
vaccine has been developed that prevents infection of certain serotypes of
human papillomavirus (HPV), thereby reducing the rates of cervical cancer.
Other vaccines (e.g., pneumococcal, tetanus, diphtheria, mumps-measles-
rubella) fall under the heading of primary disease prevention because these
interventions occur before the host has become diseased.
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“Truth”
Disease No disease
Test result a b
Positive True-positive False-positive
Negative c d
9 False-negative True-negative

FIGURE 2-9. Diagnostic testing and disease state. (Modified, with permission, from
Greenberg RS, Daniels SR, Flanders WD, et al. Medical Epidemiology, 4th ed. New York:
McGraw-Hill, 2005: 94.)

Secondary Disease Prevention

Secondary disease prevention is the detection of the disease early in its
course to reduce the associated morbidity and mortality. Examples of sec-
ondary disease prevention include cervical cancer screening through Pap
smears, which detect HPV viral DNA, colonoscopy for the detection of colon
cancers, and mammogram screening for the detection of breast cancers. Early
detection can reduce the morbidity and mortality of the disease and also pre-
vent epidemics.

Disease screening tests usually are very sensitive to retain a high true-positive
rate, but may result in many false-positives (see Figure 2-9). Sensitivity is
defined as the number or percentage of disease-positive individuals who have
a positive test result. Because screening methods err on the side of includ-
ing individuals with disease (remember, sensitivity rules people in), it may
include false-positives (individuals who do not have the disease, but have a
falsely positive test result).

Sensitivity = True-positives / (true-positives + false-negatives) x 100
=a/(a+c)x100

Specificity = True-negatives / (true-negatives + false-positives) x 100
=d/(d +b)x 100

Tertiary Disease Prevention

Tertiary disease prevention aims to reduce the disability or morbidity
resulting from disease. Examples include exogenous insulin for diabetes and
surgical treatment of cancers. Tertiary disease prevention aims to treat the dis-
ease through available medical or surgical management.

REPORTING AND MONITORING DISEASE

Reportable Diseases

By reporting certain infectious diseases, public health officials can monitor,
track, and try to control contagious diseases. Reportable infectious diseases
are shown in Table 2-2.
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TABLE 2-2. Reportable Diseases

DISEASE CAUSATIVE AGENT COMMUNICABILITY
Be A S-S-S-M-MART CHICKEN or
Acquired immune HIV retrovirus Spread by sexual contact, parental you're GONe:
deficiency syndrome exposure, perinatal exposure. Hep B
(AIDS) Hep A
Salmonella
Chickenpox Varicella zoster virus (VZV) Spread by inhalation of vesicles or Shigella
close contact. Syphilis
Measles
Gonorrhea Gram-negative diplococcus Sexual contact. x;r:ps
Neisseria gonorrhoeae Rubella
Tuberculosis
Hepatitis A Hepatitis A virus (HAV) Fecal-oral route. CHICKENpox
GONorrhea
Hepatitis B Hepatitis B virus (HBV) Sexual contact, parental exposure.
Measles (rubeola) Paramyxovirus Inhalation of respiratory droplets.
Mumps Paramyxovirus Inhalation of respiratory droplets.
Rubella (German Togavirus Inhalation of respiratory droplets.
measles)
Salmonella Negative bacilli Salmonella Contaminated food or water.
typhi
Shigella Shigella dysenteriae Contaminated food.
Syphilis Spirochete Treponema Sexual contact, perinatal exposure.
pallidum
Tuberculosis Mycobacterium tuberculosis ~ Skin-to-skin contact and droplet

transmission.

Medical Surveillance

The effort to continuously monitor and detect the occurrence of health-
related events is known as medical surveillance. Through medical surveil-
lance, it is possible to determine the incidence rate of disease (the rate of new
disease in a given period), the number of deaths resulting from the disease
(case fatality), the mortality rate (combination of incidence rate and case
fatality), rate ratios (a ratio of the incidence rates of two different groups,
resulting in a comparison of the rate of disease occurrence), and mortality
patterns. Figures 2-10, 2-11, and 2-12 show examples of incidence rates, mor-
tality rates or patterns, and rate ratios, respectively.

Despite the myriad of reportable diseases, infections do not account for the
major leading causes of death in the United States (see Table 2-3).



@IS AN BEHAVIORAL SCIENCE

Prostate 177

Breast 135
Lung 62
Colon 39

Bladder 21

0 50 100
Incidence (per 100,000 person-years)

200

FIGURE 2-10. Example of age-adjusted incidences rates. Age-adjusted incidence rates of the leading cancers in men and women in
the United States from 1996-2000. (Data from Ries LAG, Melbert D, Krapcho M, et al. SEER Cancer Statistics Review, 1975-2000. Na-
tional Cancer Institute, 2003.) (Modified, with permission, from Greenberg RS, Daniels SR, Flanders WD. et al. Medical Epidemiology,
4th ed. New York: McGraw-Hill, 2005: 50.)

14007 —a— Blacks

—a— Whites

1200 |

1000

800

Mortality (per 100,000 person-years)

600 T
1980 1982

1988 1990 1992 1994 1996 1998 2000
Calendar Year

1984 1986

FIGURE 2-11. Example of age-adjusted total mortality rates. Age-adjusted total mortality
rates by calendar year and race in the United States, 1980-2001. (Data from National Center
for Health Statistics: National Vital Statistics Report, 2003.) (Modified, with permission, from
Greenberg RS, Daniels SR, Flanders WD, et al. Medical Epidemiology, 4th ed. New York:
McGraw-Hill, 2005: 58.)

No racial

Bladder difference in Lung

cancer rates cancer
| || | | | >
0 0.5 0.57 1.0 1.25 2.0 Rate ratio
— A -

N TN
Rate for blacks < Rate for whites Rate for blacks > Rate for whites

FIGURE 2-12. Example of incidence rate ratio. Schematic representation of black-to-white incidence rate ratio for cancers of the
lung and bladder in the United States. (Data from Ries LAG, Melbert D, Krapcho M, et al. SEER Cancer Statistics Review, 1975-2000.
National Cancer Institute, 2003.) (Modified, with permission, from Greenberg RS, Daniels SR, Flanders WD, et al, Medical Epidemiol-
ogy, 4th ed, New York: McGraw-Hill, 2005: 52.)



BEHAVIORAL SCIENCE

TABLE 2-3. Leading Causes of Death in the United States by Age

AcE GrouP LEADING CAUSE OF DEATH

Infants Congenital anomalies
Short gestation/low birth weight
Sudden infant death syndrome
Maternal complications
Respiratory distress syndrome

Age 1-14 Injuries
Cancer
Congenital anomalies
Homicide
Heart disease

Age 15-24 Injuries
Homicide
Suicide
Cancer
Heart disease

Age 25-64 Cancer
Heart disease
Injuries
Suicide
Stroke

Age 65+ Heart disease
Cancer
Stroke
COPD
Pneumonia
Influenza

GOVERNMENT FINANCING OF MEDICAL INSURANCE

Medical costs can be paid several ways: Out-of-pocket payments, individual
private insurance, employment-based private insurance, or government
financing. The two major types of government financing are Medicare and
Medicaid (Figure 2-13).

Medicare and Medicaid

Medicare is a government-sponsored program financed through Social Secu-
rity, federal taxes, and monthly premiums that provides financial coverage for
hospital and physician services for persons 65 years and older. It consists of
Medicare Part A and Medicare Part B.

MEDICARE PART A

Covers certain costs for hospitalization, skilled nursing facilities, home
health care, and hospice care. The amount that Medicare Part A will reim-
burse varies with the length of stay at the facility.

CHAPTER 2
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' KEY FACT

MediCARE takes CARE of the
elderly.

' KEY FACT

MedicAID helps the state and
federal government AID those in
need.
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Provider

Public plan Reimbursement

Taxpayers

FIGURE 2-13. Government-financed insurance. Medicare and Medicaid are examples of

government-financed insurance. (Modified, with permission, from Bodenheimer TX, Grum-
bach K. Understanding Health Policy: A Clinical Approach, 4th ed, New York: McGraw-Hill,
2005:12.)

Example: For a hospitalization, Medicare Part A will pay for the first 60
days except a deducible per stay. After the first 60 days, Part A will cover all
expenses except a daily deductible. Individuals older than 65 can enroll in
Medicare Part A by paying a monthly premium. The program is also available
to those who have chronic renal disease and are in need of dialysis or trans-
plantation. It is also possible to enroll in Medicare Part A if a person is totally
or permanently disabled. However, the individual must wait 24 months before
enrollment.

MEepICARE PART B

Available for patients who elect to pay a separate Medicare Part B monthly pre-
mium. The rest of the program is financed through federal taxes. Medicare
Part B covers medical expenses to include physician services; physical, occu-
pational, and speech therapy; medical equipment; diagnostic tests; and pre-
ventive care (e.g., Pap smears, mammograms, vaccinations). Outpatient medi-
cations, along with eye, hearing, and dental services, are NOT covered.

MEbicAID

Medicaid is a state-sponsored program, although the federal government
contributes 50%-80% of the funds (more money comes from the federal gov-
ernment in poorer states, as measured by per capita income). Medicaid pro-
vides coverage for a number of services, including hospital fees, physician
services, laboratory services, X-rays, prenatal care, preventive care, nursing
home care, and home health services. Requirements that need to be met to
qualify for Medicaid vary from state to state. However, typically, they include
low-income families with children, individuals (disabled, blind, or elderly)
who receive cash assistance under the Supplemental Security Income (SSI)
program, and pregnant women whose family income is less than or equal to
133% of the deferral poverty level.
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. Ethics

Patient autonomy is the right of patients to actively participate and make final
medical decisions that affect their health. Autonomy and justice are the most
deep-seated principle in bioethics (and in the U.S. legal system) in regards
to medical decision-making. Autonomy means that people have the right to
choose (accept or refuse) treatment.

For example, a police officer does not have the right to search an individual’s
home without a warrant. Similarly, a doctor does not have the right to perform
a lung biopsy without the patient’s consent.

Patients have the right to accept or refuse treatments that the physician
may recommend because the patient “owns” his or her body and therefore
has the right to make his or her own choices regarding health care.
Physicians have an obligation to respect patients’ autonomy, and they
must honor their preference for care.

A patient’s autonomy can be breached under the following circumstances:

The patient is infected with a highly infectious and dangerous disease
(e.g., HIV).

The patient has a greatly impaired decision-making capacity (e.g., a delu-
sion impairing understanding of the decision).

The patient’s autonomy is legally waived by the U.S. government (e.g.,
epidemics).

Justice Cardozo established the legal medical autonomy standard in the
Schloendoff vs. Society of New York Hospital (105 N.E. 92) case in 1914.
The case involved a patient who consented to an examination of a fibroid
tumor under ether, but explicitly denied consent for surgery. The surgeons
performed the operation during the ether examination without her consent or

knowledge.

Justice Cardozo stated, “Every human being of adult years and sound mind
has a right to determine what shall be done with his own body; and a surgeon
who performs an operation without his patient’s consent, commits an assault,
for which he is liable in damages.”

This is true except in cases of emergency, where the patient is uncon-
scious, and situations in which it is necessary to take action before consent
can be obtained (life-threatening events).

INFORMED CONSENT

Informed consent implies that the patient must have been fully informed of

all options (benefits and risks) by the physician.

This legally requires the physician to:

Discuss relevant information, including the risks and benefits of treatment,
as well as the possible effect of no treatment.

Obtain an agreement with the patient.

Allow a patient’s decision to be made free of coercion.

CHAPTER 2
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This principle is ethically rooted in the concept of respect for the patient’s
autonomy. Informed consent requires the presence of three related factors:

The patient must have voluntarily chosen to seek treatment and must have
the capacity to reasonably make decisions.

The patient must receive full objective disclosure of all of the necessary
information; however, recommendations and an assurance of full patient
understanding about each choice should be made by the physician. In
general, physicians should give patients the amount of information an
average, reasonable patient would want.

The idea is for the patient and physician to engage in a conversation where
negotiation and conflict resolution of differences are welcomed to enhance
patient autonomy.

For example, the patient should always feel free to obtain a second opinion.

A decision and authorization from the patient are necessary to carry out
the procedure, unless the patient is a minor, and therefore may not have
decision-making capacity. This differs depending on the kind of decision
being made.

Key facts to remember about informed consent:

An exception to consent is made in the case of an emergency, where con-
sent is implied.

Consent is necessary for each specific procedure.

The health care worker performing the procedure should be the one to
obtain consent.

Beneficence does not obviate the need for consent.

Consent received via the telephone is legitimate, but must be docu-
mented.

Pregnant women can refuse therapy for their fetus (once the child is born,
lifesaving therapy cannot be refused).

Decisions made by patients at a time when they were competent continue
to be valid, even when they have lost the capacity to consent (i.e., loss of
consciousness).

A health care proxy, living will, or medical durable power of attorney is the
best method to obtain consent (beforehand) from someone who has lost
capacity.

Informed consent must come from a parent, legal guardian, third-party
court-appointed individual, or “substituted judgment” (an individual who
ideally knows the patient well and can make decisions based on what he
or she believes the patient would want). This prior preference may not be
known for a continuously incompetent person (e.g., patients with severe
Down’s syndrome). Then the risk and benefits predominate.

INFORMED ASSENT

Informed assent consists of a child’s agreement to medical procedures in the
situation that he or she is not legally authorized or does not have the capac-
ity to give consent competently (e.g., participation in clinical trials, terminal
illness).

In line with the WHO Research Ethics Review Committee (ERC), the fol-

lowing recommendations must be honored:

Before secking consent and assent to involve children in research, it must
be demonstrated that comparable research cannot be done with adults to
the same effect and scientific impact.
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Researchers must obtain consent from a parent or guardian on an
Informed Consent Form (ICF) for all children.

Research supported by the WHO follows the Convention on the Rights
of the Child, where “child” means “every human being below the age of
eighteen years” unless under the law applicable to the child, majority age
is attained earlier.

Children should be provided with detailed information and a description
of the research to be conducted, geared to the child’s age, and should have
their questions and concerns addressed. They have the right to express
their agreement or lack of agreement to participate.

Researchers should consider asking for assent from children over the age
of 7 years, while taking assent from all children over the age of 12 years.
Children express their agreement to participate on an informed assent
form (IAF) written in age-appropriate language. This form is in addition
to, and does not replace, parental consent on an ICF.

Assent that is denied by a child should be taken very seriously.

DECISION-MAKING CAPACITY

Decision-making capacity is closely related to the concept of autonomy
because autonomy is a necessary for appropriate medical decision-making.

The two key components of autonomy include:

Liberty, which refers to one’s freedom from controlling influences.
Agency, which implies the individual’s capacity to be intentional in his
or her actions. If patients lack this capacity, they may be legally deemed
incompetent.

Health care professionals are often faced with the difficult task of deeming a
patient as having or not having the capacity to make decisions.

Example: A patient who is refusing psychiatric hospitalization will often need
a psychiatrist to determine if the patient has the capacity to make medical
decisions. This may be the case even when a patient is involuntarily hospital-
ized because he or she is a danger to self or others.

The components of legal competence generally include:

The patient has the capacity to understand the material information.

He or she can make a judgment about the information in light of his or
her values.

The patient intends a certain outcome.

The patient is able to freely communicate his or her wish to caregivers or
investigators.

While some ethical principles allow for individuals to fall anywhere on a
spectrum, competence is an “all or nothing” concept. The patient is either
competent or not. Thus, it is often a painstaking process to determine that a
patient is indeed incompetent.

Several general standards must be met. They can be summarized as follows:

The patient must have the ability to state a preference.

The patient must have the ability to understand information and to appre-
ciate the situation.

The patient must have the ability to reason through a logical decision.

CHAPTER 2
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Case 1: Mrs. Jones is a 78-year-old woman with metastatic breast cancer who
is intubated in the ICU. She can communicate through writing or pointing to
a picture board. She is tired of heroic measures and wants to be at peace. She
indicates her wish to withdraw respiratory support, but her husband knows
that such an action will hasten her death.

Although the husband is reluctant to follow her wishes, the principle of
autonomy suggests that a competent patient such as his wife should be
able to make her own decisions.

Case 2: Mr. Smith is an 82-year-old man with Alzheimer’s disease who was
recently diagnosed with lung cancer. His short-term memory and cognition
are severely affected by his dementia, but he firmly states that he does not
want chemotherapy when the doctor asks him about treatment options.

This patient may or may not be legally competent to make medical
decisions.

If he is not competent, the decision about his treatment plan will depend
on an advance directive or the statement of a person he has designated
as having medical power of attorney, if he has done this before becoming
incompetent.

ADVANCE DIRECTIVE

Advance directives are written while a person is competent and are used to
direct future health care decisions. Thus, patients can maintain autonomy
even when they lack legal competence.

Types of Advance Directives

There are two types of advance directives:

A living will is a statement of exactly which procedures are acceptable or
unacceptable, and under what circumstances.

Medical durable power of attorney grants a specific surrogate person the
authority to perform certain actions on behalf of the person who signs the
document.

Case 2 continued: Mr. Smith never wrote an advance directive because he
always thought he would “get around to it one day,” but he never did. Fortu-
nately, he did appoint his son as having medical durable power of attorney
during the early, more lucid stages of his Alzheimer’s dementia. The oncolo-
gists were able to call his son to ask for guidance in his father’s care.

Oral versus Written Advance Directives

Oral advance directives are taken from an incompetent patient’s previous oral
statements. These should be written in the patient’s chart whenever possible.

Example: A patient who watched her mother die after a prolonged period on
a ventilator may have said to her family members that she would never want
to be on a ventilator.

Recollecting this desire could act as an oral advance directive if the patient is
incapacitated and faced with a similar situation.
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Unfortunately, people can often misinterpret an incapacitated person’s
previous statements. Thus, the following criteria add more validity to oral
statements:

The patient is informed.

The directive is specific.

The patient makes a choice.

The decision is repeated over time.

Written advance directives are preferred because they provide stronger evi-
dence as to what the patient wants.

One source lists these problems with advance directives:

Relatively few persons have them.

Designated decision-makers may be unavailable or incompetent, or have a
conflict of interest (e.g., inheritance).

Some people change their treatment preferences, but do not change the
legal document.

State laws often severely restrict the use of advance directives.

They leave no legal basis for health care providers to overturn instructions
that turn out not to be in the patient’s best medical interest, although the
patient could not have reasonably anticipated this circumstance while
competent.

Case 2: Mr. Smith’s son had no written advance directive on which to base
his decision regarding his father’s chemotherapy. His mother suffered through
chemotherapy for lung cancer, and he remembers that his father often
remarked that he would rather die peacefully than endure chemotherapy.

Although the son cannot be sure that his father understood the oncologist’s
question about treatment, he can confidently make a decision based on an
oral advance directive from his father’s previous aversion to chemotherapy.

Beneficence is “the principle of doing good.” Physicians have a special ethi-
cal responsibility to act in the patient’s best interest. This is known as a fidu-
ciary relationship because the physician has a commitment to the patient.

Patient autonomy may conflict with beneficence. If the patient makes an
informed decision, then ultimately the patient has the right to decide what is
in his or her best interest.

The practice of doing whatever the physician feels is best for the
patient without consideration of the patient’s wishes is called paternal-
ism. This old form of medical practice is no longer acceptable in most
circumstances.

Case 3: An intern is riding the subway home after a long shift at the hospital.
She witnesses one of her fellow passengers falling onto the floor because of a
cardiac arrest.

Although the exhausted intern is now off duty, she is morally obligated to
help the unfortunate passenger within the limits of her expertise and the
established guidelines of care. This obligation to act is often referred to as
the “good Samaritan principle.”

CHAPTER 2

' KEY FACT

Frakena’s four general
obligations for beneficence:

1.

2.

3.

One ought not to inflict evil or
harm (what is bad).

One ought to prevent evil or
harm.

One ought to remove evil or
harm.

One ought to promote or do
good.
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' KEY FACT

From the Hippocratic oath: “I will use
treatment to help the sick according
to my ability and judgment, but |

will never use it to injure or wrong
them!

' KEY FACT

The Tarasoff case: This classic
case took place in California in 1976.
This case highlighted the limits of
confidentiality and established that
therapists are allowed to breach
confidentiality if someone else is in
danger.

' KEY FACT

The suicidal or homicidal patient
may be held against his or her will.
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The principal “first do no harm” is derived from primum non nocere in the
Hippocratic oath. Nonetheless, if the benefits of an intervention outweigh the
risks, ethically, the physician must act, as when there is an emergency.

Key issues that can be addressed by this principle include:

Killing versus letting die.

Intending versus foreseeing harmful outcomes.
Withholding versus withdrawing life-sustaining treatment.
Extraordinary versus ordinary circumstances.

Many of these issues center on the terminally ill and the seriously ill and
injured.

CONFIDENTIALITY

Confidentiality in the medical setting refers to keeping secret any personal
information a patient discloses to his or her physician. Clinicians must respect
the patient’s privacy and autonomy, thus building a doctor-patient relationship
based on trust. Patients may specify any information that they would like the
physician to share with their family; anything that is not so specified should be
kept confidential.

Certain exceptions exist to the rule of confidentiality. Such exceptions
include:

The patient indicates that he or she may harm himself or someone else.

In the Tarasoff case, a jealous lover indicated to his therapist that he intended
to shoot his flirtatious girlfriend. The therapist did not warn the girlfriend or
her family out of respect for the patient’s confidentiality. The man killed the
girlfriend, and her family sued the University of California for her preventable

death.

The Tarasoff decision states that if a threat is revealed by a patient, a clini-
cian must take some action, such as warning a threatened person of poten-
tial danger, regardless of the clinician’s duty to confidentiality.

Child abuse, spousal abuse, or elder abuse.

Infectious diseases: The physician must report certain infectious diseases
that pose significant public health risks. In addition, for some diseases,
individuals at risk must be notified (i.e., sexual partners of someone newly
diagnosed with HIV), an action referred to as “contact tracing.”

Patients driving under the influence.

Protection of individuals at risk for some harm that cannot be accom-
plished by some other means than by breaking confidentiality.

Cases in which there is a reasonable chance that by breaking confidential-
ity the physician may be able to prevent some harm.

Case 4: A 47-year-old woman is diagnosed with metastatic breast cancer and
is told she will probably not survive more than one year. She does not wish for
her family to know about her disease or prognosis. The physician feels certain
that the patient and her family will benefit by knowing the truth so that the
family can support the patient and so they can make the most of their last
months together.
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What should the physician do?

The physician may certainly urge the patient to consider informing her fam-
ily, but the physician should not break her confidence.

MALPRACTICE

Medical malpractice is a civil suit that is taken out by patients or their family
members against a physician due to some form of negligence, malfeasance,
or nonfeasance by the physician or a direct subordinate that has caused some
type of harm to the patient. Causes can be a direct act or an omission by the
medical team that results in a deviation of the standard accepted practice and
results in a negative consequence.

Four conditions must be met for the plaintiff (patient or family member) to
prove that malpractice has occurred, which together are known as the four
D’s of malpractice.

1. Duty: The physician accepts a duty to the well-being of the patient when
taking on the medical care of that patient.

2. Dereliction: This duty to the patient is not fulfilled when the accepted
standards of medical care are not followed (resulting in a dereliction of
one’s duties).

3. Damage: Because of a dereliction of one’s duty to the patient, a direct
harm, or damage, occurs.

4. Direct: The dereliction of one’s duty directly results in the damage that
the patient has received.

Without the fulfillment of these four criteria, malpractice cannot be proven
in a court of law, and the physician is not legally liable for the damages that
the patient has received.

It must be remembered that accidents that can cause harm frequently occur.
Not all of these accidents result in malpractice suits; however, as for a case to
be made, all four conditions must have occurred.

Case 7: Samantha is an 8-year-old girl with a sore throat, fever, and pain-
ful submandibular lymph nodes. Her parents take her to the doctor’s office,
where Dr. Clark orders a rapid streptococcal throat swab, which is positive.
Samantha has never taken antibiotics before, and Dr. Smith prescribes peni-
cillin V 25 mg/kg PO BID for 10 days. The next morning, Samantha is taken
to the emergency department by her parents and is in anaphylactic shock. Her
parents sue Dr. Smith for malpractice.

Damage was caused when Samantha took penicillin and had an allergic
reaction.

Dr. Smith is found not guilty because she was fulfilling her duty to the
patient by treating her for streptococcal pharyngitis within the accepted
medical guidelines.

Therefore, there was no dereliction of duties that directly resulted in dam-
age to the patient.

CHAPTER 2
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. Statistics

MEASURES OF CENTRAL TENDENCY AND STATISTICAL DISTRIBUTION

Distribution is a term used to describe the frequency of observations in a
population or data set as plotted on a graph.

Distribution of a set of observations is defined by the measures of central
tendency:

Mean (arithmetic mean, or average) is the most common measure of
central tendency. It represents the ratio between the sum of all individual
observations (ZX) over the number of observations (n):

M=3X/n

The mean, however, may not be an appropriate measure of central ten-
dency for skewed distributions or in data sets which contain outliers.
Median (middle observation) represents the 50th percentile of a distri-
bution, or the point at which half of the observations are smaller and half
are larger. The median is often a more appropriate measure of central ten-
dency for skewed distributions or in situations with large outliers.

Mode represents the most common value in a distribution, and is com-
monly used for a large number of observations to identify the value that
occurs most frequently.

All three are used for continuous data; the median may also be used for cat-
egorical data as well.

A frequency curve may be produced from the data set (see Figure 2-14).

Terms that describe the curves created include:

Gaussian: Also known as a “normal,” or “bell-shaped,” curve. It indicates
symmetric distribution of the observations.

The mean, median, and mode are identical.
Bimodal: The curve produces two “peaks” due to two separate areas of
increased frequency of data in the population or data set. These curves
may indicate symmetric or asymmetric distribution of observations.

>
W

(9]

D

FIGURE 2-14. Shapes of common distributions of observations. (A) Negatively skewed.
(B) Positively skewed. (C and D) Symmetric. (Modified, with permission, from Dawson B,
Trapp RG, Basic & Clinical Biostatistics, 4th ed, New York: McGraw-Hill, 2004: 30.)
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Positive skew: Asymmetric curve with the tail on the right side of the
graph. It indicates a large number of outlying values.

Mean > median

Mean > mode
Negative skew: Asymmetric curve with the tail on the left side of the
graph. It indicates a small number of outlying values.

Mean < median

Mean < mode

STATISTICAL HYPOTHESIS

A statistical hypothesis is a formal statement regarding the expected outcome
of an experiment. There are two major types of hypothesis, differentiated by
how the statement is framed:

Null hypothesis (H): A statement that suggests that there is no differ-
ence, or association between two or more variables. In medicine, this nor-
mally relates to disease and risk factors. Hy is tested for possible rejection
under the assumption that the hypothesis is true.

Alternative hypothesis (H;): A statement that suggests that there is an
association between two or more variables, and contrary to the null
hypothesis, the observations are the result of a real effect.

Type I Error (o)

Type I error results when one states or determines that there is an effect or dif-
ference when in reality one does not exist. Stated another way, the alternative
hypothesis is accepted when in actuality the null hypothesis is correct. Type |
error is also known as a “false-positive.”

This error is a preset level of significance, denoted as the Greek letter o,
which is defined as the probability of making a type I error.

The normal accepted o is usually < 0.5, which means that there is a less
than 5% chance of making a type I error, or that the data will show some-
thing that is not really there.

Type Il Error ()

Type 1I error results when one states or determines that there is not an effect
or difference when in reality one does exist. In other words, the null hypothe-
sis is accepted when in actuality the alternative hypothesis is correct (see Fig-
ure 2-15). Type II error is also known as “false-negative.”

Decision
Reject Hy Don’t reject Hy
Hy Type | error Right decision
Truth ==t == e e e m e e e e e - -
H4 Right decision Type Il error

FIGURE 2-15. Summary of possible results of any hypothesis test.
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An example of a null hypothesis is,
“There is no association between
sodium intake and hypertension”
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An example of an alternative (H,)
hypothesis is, “Increased sodium
intake leads to increased blood
pressure.”
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fa) ummonic

Power is increased by sample size;
there is power in numbers.

' KEY FACT

SEM < ¢ and SEM decreases as n
increases.
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Power

Power is the probability of rejecting the null hypothesis when it is in fact false.
The power can be manipulated based on sample size as well as the difference
in compliance between sample groups. The power is calculated by subtract-
ing the type II error (B) from 1.

Power =1 -3

STANDARD DEVIATION VERSUS ERROR

Standard deviation is a statistical measurement that is used to describe the
deviation, or variance, from the central tendency, or mean, within a statistical
distribution (see Figure 2-16). It is used to describe the spread of values within
a particular distribution.

All forms of measurement have some inherent error. For this reason, the stan-

dard error of the mean (SEM) is used to estimate the standard deviation of
error in that particular method.

SEM =6 /\n
o = standard deviation
n = sample size

Confidence Intervals

Confidence intervals essentially provide a range, with upper and lower limit
values known as confidence limits, and can be used with any population
parameter.

The confidence interval (CI) can be determined by using both the standard
deviation and the SEM.

CI = mean + 1.96 (SEM) or CI = mean + 1.96c

If the CI includes zero, the null hypothesis is accepted (i.e., there is no
difference between the variables).

0.4
0.3
0.2 1
0.1
0.1%
0.0 l T
-30

FIGURE 2-16. Standard deviation. Dark blue is less than one standard deviation from the
mean. For the normal distribution, this accounts for about 68% of the set (dark blue), while two
standard deviations from the mean (medium and dark blue) account for about 95%, and three
standard deviations (light, medium, and dark blue) account for about 99.7%.
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If the CI does not contain zero, the null hypothesis is rejected and the
alternative hypothesis is accepted (i.e., there is a difference, or association,
between the variables).

Knowing the CI is important because it gives an estimate of how likely it is
that a value is true. Thus, if a number falls between the upper and lower lim-
its of a 95% confidence interval, one can be confident that the data are cor-
rect 95% of the time.

Example: Imagine a study in which a group of people in a certain town have
their blood pressure measured several times over the course of a year (inde-
pendent samples taken repeatedly from the same population). The results
of the blood pressure measurements would be reported by giving a range. It
is best to express this range as a CI because it tells readers that a value fall-
ing within that range was similar to the blood pressure of 95% of the patient
population.

t-TEST, ANOVA, AND CHI-SQUARE (X?2)

t-Test

The t-test is used to determine the difference between the mean values of two
groups of observations. This test is based on the t distribution, which involves

degrees of freedom (df).

For groups with a large df value, the t distribution is indistinguishable
from the normal distribution.

As the df decreases, the t distribution becomes increasingly spread out.
The t distribution can be determined using a mathematical equation and
correlated to a P value using the appropriate table.

ANOVA

ANOVA is used to determine the statistical difference between the means of
three or more groups of observations.

Chi-Square (x2)

Chi-square is used to determine the statistical difference between two or more
percentages or proportions of categorical outcomes (not mean values).

Correlation Coefficient

The correlation coefficient (r) is a numerical value that always falls between
I and —1. It indicates the strength and direction of a linear relationship (cor-
relation) between two or more different and independent variables. Values
approaching 1, indicate a strong correlation between the variables. A value
of 0 indicates no correlation, and values approaching —1 indicate an inverse
relationship.

The coefficient of determination (R?) is the proportion of variability (or
sum of squares) in a data set that is accounted for by a statistical model,
using regression analysis. It helps to determine whether a linear relation-
ship exists between the response variable and the “regressors.”

If R? = 1 — there is a linear relationship, as explained by the fitted model.

If R? = 0 — there is no linear relationship between the response variable and
regressors.

CHAPTER 2
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A t-test would be useful when
comparing the means of two
groups (placebo versus treatment)
to see if a statistical significance
exists between the mean clinical
outcomes of the two groups.

fa) mnwonic

Mr. T is mean

) mmwonic

ANOVA = ANalysis Of VAriance of

three or more variables.

' KEY FACT

%2 = compare percentages (%) or
proportlons.

9 CLIN
48 CORRELA

An example of the chi-square test
is a clinical trial comparing a 28-day
survival or treatment group versus
a control group. The percentage

of survivors versus controls can be
compared using this test.
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How My Recently Produced
(Good) Baby Appears:

Heart rate (pulse)

Movement (activity)

Response to Provocation (Grimace)
Breathing (respiration)

Appearance
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. Life Cycle

APGAR Score
The APGAR system is named after Dr. Virginia Apgar, a famous anesthe-

siologist. Each letter in APGAR stands for a sign assessed in newborns, as
summarized in Table 2-4.

The APGAR examination is fast, easy to use, and helpful for determining
whether medical intervention, including resuscitation, is needed. How-
ever, it is not particularly accurate as a prognostic indicator.

SCORING

The APGAR score is determined at 1 and 5 minutes after birth. Reassess-
ment may be performed after 5 minutes, and thereatter, if the APGAR score is
abnormal.

Fach of the five signs is scored as 0, 1, or 2; the APGAR score is the sum of
the five scores.
8-10: Normal; however, a perfect score of 10 is not typically given.
4-7: Some resuscitation may be needed.
0-3: Immediate resuscitation is necessary. In general, a low score is
related to inadequate ventilation, as opposed to cardiac pathology.

LOW BIRTH WEIGHT

Low birth weight (LBW) is defined as birth weight below 2500 g and is caused
by premature birth or intrauterine growth restriction (IUGR). LBW infants
are at increased risk for the following complications:

Sepsis: With possible sequelae of septic shock and disseminated intravas-
cular coagulation (DIC).

Infant respiratory distress syndrome: Also known as hyaline membrane
disease. In this disorder, the infant’s lungs produce inadequate surfactant,
a protein normally secreted by type II pneumocytes in mature lungs. Sur-

TABLE 2-4. APGAR Signs and Scoring Criteria

SIGN 0 PoOINTS 1 PoINT 2 PoOINTS
Appearance (skin Blue trunk, blue Pink trunk, blue Pink trunk, pink
color) extremities extremities extremities
Pulse Absent <100 > 100
Grimace (reflex No response Grimace Grimace and cough, pull
irritability/response to away and/or sneeze
stimulation)
Activity (muscle tone) None Some Active movement

Respiration None Weak, irregular Strong, regular
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factant (short for “surface active agent”) facilitates inflation of alveoli and
helps prevent alveolar collapse.

Necrotizing enterocolitis: This is the most common neonatal gastrointes-
tinal emergency; its etiology remains uncertain, but is thought to be multi-
factorial. Possibilities include immaturity of the intestinal mucosa, compro-
mise of the intestinal blood supply, and the presence of abnormal bacteria.
Intraventricular hemorrhage: This may result in long-term complications
including cerebral palsy and delayed development.

Persistent pulmonary hypertension: Also called persistent fetal circula-
tion. Increased pressure in the pulmonary vasculature causes shunting of
deoxygenated blood into the systemic circulation, resulting in hypoxemia.

REFLEXES OF THE NEWBORN

Infants exhibit characteristic reflexes at birth that fade and then vanish at cer-
tain points in development.

Moro: Infant spreads, then unspreads the arms when startled. Generally
disappears around three months; persists in certain conditions, such as
cerebral palsy.

Babinski: Toes fan upward upon plantar stimulation. Generally disappears
around 12-14 months; persists in certain neurologic conditions.

Palmar: Infant grasps objects that come in contact with the palm. Gener-
ally disappears around 2-3 months.

Rooting: Nipple seeking. Generally disappears around 3—4 months.

INFANT DEPRIVATION

History. In the 1950s, psychologist Harry F. Harlow demonstrated that rhe-
sus monkeys deprived of affection and physical contact developed abnor-
mally. Later studies have suggested the existence of a similar phenomenon in
humans: Long-term infant deprivation results in multiple long-term sequelae.

Maijor effects of long-term infant deprivation:

Illness: Increased vulnerability to physical ailments.

Floppy: Decreased muscle tone.

Wordless: Language deficiencies.

Mistrust: Difficulty in forming emotional bonds, sense of abandonment.

Thin: Weight loss, failure to thrive.

Withdrawn: Deficient socialization skills.

Anaclitic depression: Relating to one person’s physical and emotional

dependence on another person (e.g., infant’s dependence on mother).
The term “anaclitic” depression was used by Renee Spitz, a Hungarian-
American psychoanalyst, to refer to the deteriorated psychological and
physical health of infants who are separated from their caregivers and
placed in cold, unstimulating institutional environments. Deprivation
for longer than six months can lead to irreversible changes, such as
withdrawn state, unresponsiveness, failure to thrive, and in severe cases,

death.

CHILD ABUSE

Abuse of children by caregivers can be physical, emotional, or sexual; physical
and sexual abuse are covered in Table 2-5. In addition, caregivers may commit
neglect by failing to provide for a child’s basic needs, such as food, clothing,
and safety.

CHAPTER 2
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Infants born at 37—-42 weeks'
gestation are designated term
infants; those born before 37
weeks' gestation are considered
premature. An LBW infant need
not be premature; he or she
may have experienced IUGR or
inappropriately low growth for
gestational age.
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My Baby’s Primary Reflexes:

Moro
Babinski
Palmar
Rooting

fa)  mewonic

Infant Fraught With Major
Trouble When Deprived:

lliness

Floppy

Wordless

Mistrust

Thin

Withdrawn

Anaclitic Depression




@R aAR BEHAVIORAL SCIENCE

TABLE 2-5. Characteristics of Child Abuse

PHysIcAL ABUSE SEXUAL ABUSE
Injuries intentionally caused by a caretaker that result in morbidity A child’s involvement in an activity for purposes of adult sexual
and mortality. gratification.
Features include fractures visible on X-ray, cigarette burns, Features include genital/anal trauma, urinary tract infections
iron burns, subdural hematomas, bruises on the back, retinal (UTls), sexually transmitted diseases (STDs), inappropriate
hemorrhage, and psychiatric symptoms (e.g., anxiety, depression, social behavior for age (e.g., flirtatiousness in a young child),
withdrawal). and psychiatric symptoms (e.g., anxiety, depression, withdrawal,

discomfort around sexual impulses).

Abuser is usually female, young (below age 30), and the primary Abuser is usually male and known to the victim.
caregiver.

~ 3000 deaths annually in the United States; approximately half the  Peak incidence at ages 9-12.
children brought for physical abuse-related medical attention are
under age 1.

' KEY EACT DEVELOPMENTAL MILESTONES

Developmental milestones are skill sets (described in Tables 2-6, 2-7, and 2-8)
acquired by children at certain ages and are useful for determining whether
a child is progressing at the expected rate. Variation among normal children
can be considerable.

In general, motor development
proceeds cephalocaudally, from
medial to lateral, and from proximal
to distal. Ulnar precedes radial, grasp
precedes release, and pronation

precedes supination. .
TABLE 2-6. Infant Developmental Milestones

' KEY FACT SociAL/COGNITIVE
AGE

MoTtoR MILESTONE MILESTONE LANGUAGE MILESTONE

In general, emotional differentiation

3 months Holds head up, Moro Social smile. Begins babbling, turns
proceeds as follows: )
®m  Excitement — distress or delight reflex disappears. head toward sound.
at 2—3 weeks ) ]
®  Distress — fear/anxiety and 4-5 months Rolls front to back, sits  Recognizes people.
anger by 2—3 months with support.
m  Delight — joy and affection by
2—3 months 7-9 months Sits alone, transfers Stranger anxiety, Expresses joy and
object from hand to orients to voice. displeasure with voice.
hand.
0
12-14 Babinski reflex Imitates gestures, Says “Dada”/“Mama,”
Normal children progress at months disappears. finds hidden objects.  tries to imitate words.

different rates, and variation may be

considerable. 15 months Walks alone. Separation anxiety. Speaks a few words.
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TABLE 2-7. Toddler and Preschool Developmental Milestones

SociAL/COGNITIVE

AGE Motor MILESTONE MILESTONE LANGUAGE MILESTONE

18 months  Stacks two blocks, Recognizes self in mirror Speaks 8-10 words
runs while looking at  or pictures, competes with  clearly, protests when
ground. other children for toys. frustrated.

2 years Feeds self with Takes turns in play with Uses 2—-3 word
spoon, stacks other children, imitates sentences, tries to hum
3-4 blocks, walks parents. or sing, listens to short
backward. rhymes.

3 years Rides tricycle, copies  Group play, knows first Uses 3-5 word
line or circle, uses and last name. sentences, understands
toilet with help. pronouns, asks short

questions.

4 years Simple drawings, Cooperative play, knows Uses 5—6 word
hops on one foot, age, plays with imaginary sentences, tells stories,
stacks 7-9 blocks, objects. uses past tense, enjoys
uses toilet alone. rhyming.

NORMAL CHANGES OF AGING

As adults move from early to late adulthood, certain patterns of physiologic
and psychological change are notable.

Sexual changes (male): Slower erection and ejaculation; longer refractory
periods.

Sexual changes (female): Vaginal shortening, thinning, and dryness.

Sleep pattern changes: Decreased rapid eye movement (REM) and slow-
wave sleep, and increased sleep latency. The sleep period, or time from
sleep onset to morning awakening, does not decrease. However, true sleep
time does decrease due to increased awakening during the night.

TABLE 2-8. School Age and Adolescent Developmental Milestones

AGE PHYSICAL DEVELOPMENT SociAL/CoGNITIVE MILESTONE
6-11 years Improving muscle coordination,  Development of conscience
maturation of eye function. (superego), same-sex friends,

identification with same-sex parent.

11 years (girls) Development of secondary sex  Abstract reasoning (formal
13 years (boys) characteristics. operations), formation of
personality, development of meta-

cognition.
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Mental degeneration can be
assessed by administering an 1Q
test and comparing the result with
that expected for the patient's
educational level and occupational
achievement. Pathology may be
harder to detect in individuals with

a high baseline 1Q, because their
scores may appear normal despite a
decline from their previous levels.
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Certain medical conditions become more common: Heart disease, some
cancers, arthritis, hypertension, cataracts.

Psychiatric problems, such as depression, are more common.

Higher suicide rate.

Thinking becomes less theoretical and more practical.

NORMAL GRIEF

Elisabeth Kiibler-Ross defined the stages of grief in her landmark book, On
Death and Dying. (Victims of physical or psychological trauma [e.g., rape]
and various forms of personal loss may also experience these stages.) Although
this order is typical, some individuals experience these stages in a different
sequence. More than one stage may be present at a given time, and not all
individuals experience all five stages.

Denial: The reality of the loss is denied initially in an attempt to avoid
emotional distress. One might understand the situation intellectually with-
out experiencing the full emotional and psychological impact.

Anger: Anger and resentfulness are experienced and possibly expressed
toward the departed, family and friends, or caregivers. It is important for
physicians to see the anger as normal and to not personalize it.
Bargaining: The bereaved may try, in essence, to “make a deal,” on the
assumption that circumstances might improve if he or she alters his or her
behavior or attitudes. In this stage, patients and family members may try
excessively to be “good.”

Despair or depression: The loss is now acknowledged, with a passive, sad
emotional response.

Acceptance: One integrates the experience into his or her world and copes
successtully.

. Psychology

INTELLIGENCE QUOTIENT (IQ)

Intelligence testing originated in the early 20th century and was intended to
identify intellectually deficient children who would benefit from enrollment
in special education programs.

10 is:
Correlated with genetic factors.
More highly correlated with educational achievement and socioeconomic
status.
Generally stable throughout life.

Commonly used IQ tests:

Stanford-Binet: Tests verbal, spatial, and memory functions.
Wechsler Adult Intelligence Scale (WAIS): Assesses verbal and nonverbal
reasoning, as well as efficiency of processing of information.
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TABLE 2-9. Degrees of Mental Retardation
and Corresponding 1Q Ranges

DEGREE OF RETARDATION 1Q RANGE
Mild 55-69
Moderate 40-55
Severe 25-40
Profound <25

Wechsler Intelligence Scale for Children (WISC): Similar to the WAIS,
but created for children.

Wechsler Preschool and Primary Scale of Intelligence (WPPSI): Used
for preschoolers.

In addition to IQ tests, assessment of one’s actual living skills is sometimes per-
formed, and is required for the diagnosis of mental retardation. This refers to
one’s abilities in such areas as self-care, self-direction, social functioning, and
communication. The Vineland Adaptive Behavioral Scale, which is based on
information provided by a close observer, such as a parent or teacher, is one
such test.

Interpretation of 10 tests:

All major 10 tests use deviation 1Qs, measuring the degree to which an
examinee deviates from the normal performance for his or her age.

Mean = 100

Standard deviation = 15

Mental retardation is defined as an 1Q less than 70 (greater than 2 SDs
below the mean).

Mental retardation comes in four degrees of severity, as described in Table
2-9.

10 tests are often administered with achievement testing to children who
perform poorly in school. A specific learning disability is defined as past
learning in reading, math, or writing that is significantly below expected
for the person’s IQ and cannot be accounted for by other factors, such as
ill health or lack of educational opportunity.

ERIK ERIKSON’S PSYCHOSOCIAL DEVELOPMENT THEORY

Erikson’s theory outlines eight stages through which a normal individual pro-
ceeds, as shown in Table 2-10. Each stage consists of a basic crisis that must
be successtully overcome to proceed to the next stage. Although the stages
correspond approximately to certain chronologic phases of life, the rate of
progression varies among individuals.

CHAPTER 2

' KEY FACT

The mean 1Q is 100, the standard
deviation is 15, and mental
retardation is defined as an 1Q
greater than 2 SDs below the mean.
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' KEY FACT

m  For classical conditioning,
think stimulus: The goal is for
a new stimulus to elicit the
same desired response as
an established stimulus (the
unconditioned stimulus).

®  For operant conditioning, think
response: Reinforcements and
punishments known to be
effective are used to alter the
frequency of voluntary behavior.

' KEY FACT

All reinforcement of behavior
increases the probability of
such behavior in the future, and
all punishment decreases the
probability of such behavior.

' KEY FACT

Reinforcement is most effective
when presented in such a way that
the individual can clearly perceive
the connection between the
behavior and the reinforcement.
Thus, effective reinforcement
generally occurs shortly following the
behavior.
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TABLE 2-10. Erikson’s Stages of Psychosocial Development

STAGE Basic CRrisis
Infancy Trust versus mistrust
Early childhood Autonomy versus shame and self-doubt
Play age Initiative versus guilt
School age Industry versus inferiority
Adolescence Identity versus role confusion
Young adulthood Intimacy versus isolation
Adulthood Generativity versus stagnation
Late adulthood Integrity versus despair

Conditioning is the alteration of behavior by consequences.

Classical Conditioning

Classical conditioning was first described by the Russian physiologist Ivan
Pavlov. An unconditioned stimulus (UCS), known to elicit a characteristic
response (the unconditioned response, or UCR) is paired with a new, neu-
tral stimulus (the conditioned stimulus, or CS) so that eventually the new
stimulus alone elicits the same or a similar response. The response is known
as the conditioned response (CR) when elicited by the CS alone. For the CS
to effectively elicit a CR, it must precede the UCS during the conditioning
phase.

Example: A young child naturally cries (UCR) in response to sharp pain
(UCS). If the child is brought to a physician’s office for a vaccination, sees the
syringe, and immediately experiences sharp pain from the needle, the child
will associate the needle with the pain and cry (CR) in response to the mere
sight of the needle (CS), even before the vaccination is given.

Operant Conditioning

Operant conditioning was first described by B. F. Skinner, who observed that
the likelihood of voluntary behavior is increased by subsequent reinforce-
ment or decreased by subsequent punishment. Both reinforcement and pun-
ishment can be positive or negative.

Positive reinforcement: A pleasant experience occurs (e.g., wages).
Negative reinforcement: An unpleasant experience is removed (e.g., relief
from household chores).

Positive punishment: An unpleasant experience occurs (e.g., extra
homework).

Negative punishment: A pleasant experience is removed (e.g., loss of days
off)
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Beware of confusion between punishment and negative reinforcement.
Any reinforcement, both positive and negative, encourages the reinforced
behavior.

Extinction is the process by which a previously reinforced behavior is no lon-
ger reinforced, leading to its elimination. For example, in classical condition-
ing, visits to the doctor who no longer gives shots will lead to decreased asso-
ciation of the needle with pain. In operant conditioning, a rat that no longer
receives food when pressing a bar will stop associating this behavior with food
and stop responding. In other words, conditioned behavior can be unlearned
as well as learned.

Reinforcement Schedules

The two main categories of reinforcement schedules are ratio and interval. In
the ratio schedule, reinforcement occurs based on behavioral events, regard-
less of time intervals. In the interval schedule, reinforcement occurs based on
time intervals, regardless of the frequency of behavioral events. In either cat-
egory, reinforcement can be fixed or variable.

Fixed-ratio schedule: Reinforcement occurs after a set number of behav-
iors. Example: Vending machines.

Variable-ratio schedule: Reinforcement occurs after a varying number of
behaviors. Example: Casino slot machines.

Fixed-interval schedule: Reinforcement occurs after a set time interval
(and a response on the part of the organism). Example: Timed pet feeders.
Variable-interval schedule: Reinforcement occurs at varied times. Exam-
ple: Pop quizzes.

EGO DEFENSE MECHANISMS

Ego defense mechanisms are the bestknown work of Anna Freud, Sigmund
Freud’s daughter and a renowned psychoanalyst in her own right. Anna Freud,

TABLE 2-11. Mature Defense Mechanisms

DEFENSE MECHANISM DEFINITION EXAMPLE

Altruism Guilty feelings relieved by generosity ~ Mafia boss making a large
and personal sacrifice. donation to charity.

Humor Appreciation of the amusing aspects  Nervous medical student
of an anxiety-inducing setting. joking about the boards.

Sublimation Redirecting unacceptable impulses Joining the military out of a

into more acceptable actions. desire to kill.

Suppression Voluntarily keeping a thought away Refusing to think about

from consciousness. getting revenge on someone.

CHAPTER 2

' KEY FACT

Classical conditioning causes a
previously neutral stimulus to
produce a characteristic (and
preexisting) response. Operant
conditioning uses effective
reinforcement and punishment to
alter voluntary behavior.

' KEY FACT

Intermittent reinforcement is
more resistant to extinction than is
continuous reinforcement.
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like her father, believed strongly in the importance of unconscious drives
in determining behavior, but also emphasized the importance of the ego,
or executive decision-making, in the functioning of the person. One aspect
thereof is the ego defense mechanism. These mechanisms are unconscious
and act in response to psychological stress or threat. Some are mature (Table
2-11); others are immature (Table 2-12).

TABLE 2-12.

DEFENSE IVIECHANISM

Immature Defense Mechanisms

DEFINITION

EXAMPLE

Acting out Unacceptable thoughts and feelings are expressed Temper tantrums.
through actions.

Dissociation Avoidance of stress by a temporary drastic change in Dissociative identity disorder (in extreme cases).
personality, memory, consciousness, or motor behavior.

Denial Pretending, believing, and/or acting as though an Common response in patients newly diagnosed

undesirable reality is nonexistent.

with cancer or AIDS.

Displacement

Feelings one wishes to avoid are directed at a neutral
party.

Man arguing with his wife after being reprimanded
by his boss.

Fixation

Partially remaining at an age-inappropriate level of
development.

Functional adult nibbling on her nails.

Identification

Learning unacceptable behavior from a model.

Abused child becoming an abuser.

Intellectualization

Focusing on the intellectual aspects of a situation to
avoid anxiety.

Doing vigorous research on one’s terminal disease
to distract oneself from distress.

Isolation

Separation of feelings from ideas and events.

Attending a loved one’s funeral without emotion.

Projection

Attributing an unacceptable impulse to an outside
source rather than to oneself.

Man who wants another woman thinking that his
wife is cheating on him.

Rationalization

Creating a logical argument to avoid blaming oneself.

A woman who is passed over for a desirable
promotion saying that her current position is better.

Reaction formation

To avoid anxiety, acting the extreme opposite of an
unacceptable manner.

Behaving obsequiously toward in-laws one strongly
dislikes.

Regression Abandoning a normal maturity level and going back to Previously toilet-trained child wetting the bed.
an earlier one.

Repression Keeping anxiety-provoking thoughts and feelings from Involuntary or unconscious burying of memories of
consciousness. child abuse.

Splitting Perceiving people as either all good or all bad. Patient saying that all nurses are cold, but all

doctors are friendly.



CHAPTER 3

Biochemistry

Molecular Biology 76 Amino Acids 144
NUCLEOTIDES 76 AMINO AcCID METABOLISM 144
NUCLEOTIDE SYNTHESIS 77 AMINO ACID STRUCTURE 144
DNA 81 THE AmINO AciD PooL 145
RNA 85 ESSENTIAL AMINO ACIDS 145
FEATURES OF THE GENETIC CODE 86 NONESSENTIAL AMINO ACIDS 146
TRANSCRIPTION 87 METABOLIC REACTIONS 146
TRANSLATION 91 NONESSENTIAL AMINO ACID BIOSYNTHESIS 147

Mutations and DNA Repair 95 AmINO AciD TisSUE METABOLISM 151
DEFINITIONS 95 AmMINO AciD DERIVATIVES 154
ORIGINS OF MUTATIONS 98 AMINO AcCID BREAKDOWN 159
MIUTAGENS 98 AmINO AciD DEFICIENCIES 161
DNA RePAIR 100 Nutrition 164
CeLL CycLE CHECKPOINTS 103 VITAMINS 164
PATHOLOGY 104 Fed versus Unfed State 175

Enzymes 109 ENDOCRINE PANCREAS 175
GENERAL 109 KETONES 183
KINETICS 112 LIPOPROTEINS 186
REGULATION 114 SPECIAL LIPIDS 195

The Cell 16 Heme 204
CELLULAR ORGANELLES AND FUNCTION 116 Laboratory Tests and Techniques 214

Connective Tissue 122 DNA-BAsED LAB TesTs 214
CLASSIFICATION 122 PROTEIN-BASED LAB TESTS 220
GROUND SUBSTANCE 123 RNA-BASED LAB TEsTs 224
FIBERS 125 Genetics 225
CeLLs 130 HARDY-WEINBERG GENETICS 225

Homeostasis and Metabolism 130 Trisomies 228
CARBOHYDRATE MIETABOLISM 130 IMPRINT DISORDERS 230

75



CHAPTER 3

' KEY FACT

Effective carriers are molecules

that are relatively stable as leaving
groups. These include phosphoryl
(ATP), electrons (NADH, NADPH,
FADH2), sugars (UDP glucose),
methyl (SAM), 1 carbon (THF), CO,
(biotin), and acyl (coenzyme A).

' KEY FACT

Nucleotide = nucleoside +
phosphate(s)

fa) unwonic

PURines: PURe As Gold
PYrimidines: CUT the PY (Pie)

fa)  mnwonic

pYrimidines—cYtosine, thYmine

' KEY FACT

Substitution: Mutations that
substitute a pyrimidine for a
pyrimidine.

Transversion: Mutations that
substitute a purine for a
pyrimidine or vice versa.

BIOCHEMISTRY

. Molecular Biology

General Structure

Nucleotides are composed of three subunits (see Figure 3-1):

1. Pentose sugar
Ribose
Deoxyribose
2. Nitrogenous base
Purine
Pyrimidine
3. Phosphate group: Forms the linkages between nucleotides.

In contrast, a nucleoside is composed of only two units: a pentose sugar and
a nitrogenous base. Nucleotides are linked by a 3’5" phosphodiester bond
(see Figure 3-2). By convention, DNA sequences are written from the 5" end
to the 3’ end.

PENTOSE SUGAR

Can be either ribose, which is found in RNA, or 2-deoxyribose, which is
found in DNA (see Figure 3-1). 2-Deoxyribose lacks a hydroxyl (-OH) group
at the 2" carbon (C2).

NITROGENOUS BASE
The two types differ by the number of rings composing the base.

Purines versus Pyrimidines

Fach purine (adenine [A], guanine [G], xanthine, hypoxanthine, uric acid)
is composed of two rings, whereas each pyrimidine (cytosine [C], uracil [U],
thymine [T7]) is composed of one ring (see Figure 3-3). Note that uracil is
found only in RNA, whereas thymine is found only in DNA. All other bases
are found in both RNA and DNA (see Table 3-1). The pyrimidines may be
derived from one another: deaminating cytosine results in uracil. Adding a
methyl group to uracil produces thymine.

Phosphoric acid
(in ester linkage
to the 5’ carbon

of the sugar) 0
0 HN CHz | Base [thymine (T), a
i 5 | pyrimidine found in DNA]
—0—P—0—CHy, 07 HO — CH, OH
! (o}
OH
OH OH

Pentose sugar
(2-deoxyribose,
found in DNA)

Ribose (pentose found
in RNA; has —OH at the
2’ position)

FIGURE 3-1. The general structure of nucleotides. Ribose and deoxyribose pentose sug-
ars only differ at the 2’-carbon, in which deoxyribose lacks a hydroxyl (-OH) group.
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FIGURE 3-2.

The phosphodiester bond links the 3’ end of a ribose sugar to the preceding sugar’'s 5’ carbon. (Modified, with per-

mission, from Murray RK. et al. Harper’s lllustrated Biochemistry, 26th ed. New York: McGraw-Hill, 2003.)

Substrates for DNA synthesis include: dATP, dGTP, dTTP, dCTP (d =
deoxy).
Substrates for RNA synthesis include: ATP, GTP, UTP, CTP.

Base Pairing

G-C bonds (3 H-bonds) are stronger than A-T bonds (2 H-bonds) (see Figure
3-4). Increased G-C content increases the melting temperature (T ), which
is the temperature at which half of the DNA base-pair hydrogen bonds are
broken. Chargaff’s rule also dictates that the G content equals the C content,
and the A content equals the T content.

NUCLEOTIDE SYNTHESIS

Purine Nucleotide Synthesis

Occurs through either the de novo or the salvage pathway. De novo synthesis
utilizes elemental precursors and is used primarily for rapidly dividing cells.
The salvage pathway recycles the nucleosides and nitrogenous bases that are

H H
éG 5 ¢ |4 5
2(';\ c_./ HC|)\ CH
H” N4 ~Ng 2N 6
3 H 1
Purine Pyrimidine

FIGURE 3-3. Base structures of pyrimidines and purines. (Modified, with permission,
from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated Biochemistry, 27th ed. New
York: McGraw-Hill, 2006: 294.)

' KEY FACT

The more G-C rich a sequence is,
the higher the temperature needed
to denature it.

' KEY FACT

Chargaff's rule: %A = %T and %G
= %C.

' KEY FACT

A pyrimidine nucleotide always base
pairs with a purine nucleotide (and
vice versa).
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TABLE 3-1. Purines versus Pyrimidines

PURINES PYRIMIDINES
Two rings. One ring.
Adenine. Cytosine.
Guanine. Thymine (found only in DNA).

Xanthine, hypoxanthine, uric acid. Uracil (found only in RNA).
released from degraded nucleic acids; it is considered the major route for syn-
thesis in adults.

De Novo SYNTHESIS
Rate-limiting step by glutamine PRPP (5-phosphoribosyl-1-pyrophos-

- phate) amidotransferase.
»mj- PRPP amidotransferase is inhibited by downstream products (inos-
. ine monophosphate [IMP], guanosine monophosphate [GMP], ade-

Allopurinol and 6-mercaptopurine nosine monophosphate [AMP]) and purine analogs (allopurinol and
are purine analogs that inhibit PRPP 6-mercaptopurine).
amidotransferase. Required cofactors: tetrahydrofolate (THF), glutamine, glycine, aspartate.

Reciprocal substrate effect: GTP and ATP are substrates in AMP and
GMP synthesis, respectively. For example,  GTP — { AMP — | ATP.
This allows for balanced synthesis of adenine and guanine nucleotides.

PURINE SAWVAGE PATHWAY (sce Figure 3-5)

Recycles ~90% of the preformed purines that are released when cells’
nucleases degrade endogenous DNA and RNA and make new purine
nucleotides.

Catalyzed by hypoxanthine phosphoribosyltransferase (HGPRT), which
is inhibited by IMP and GMP.

Nitrogenous base (guanine, hypoxanthine) + PRPP — GMP/IMP + PP,

CH,
(\fo\
\H\ ~H
N N N
\ﬂ/ \H\ .
0 N \
Thymidine K
N N
Adenosine
H
|
N
K\|( \H\
N N O

\ﬂ/ \‘H
~
o.. N | \>
Cytosine\H\ J\
N
| N
H Guanosine

FIGURE 3-4. Hydrogen bonding between base pairs. (Modified, with permission, from
Murray RK, Granner DK, Rodwell VW. Harper’s lllustrated Biochemistry, 27th ed. New York:
McGraw-Hill, 2006: 313.)
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Nucleic acids

AN

Nucleotides ~ GMP IMP < > AMP o
c
>
[
o o 3
Nucleosides guanosine & 1 & inosine «——— adenosine
o o c
Qo
©
g
Nitrogenous guanine  —' L hypoxanthine adenine g
bases P /
\ 2 /\ 1 HGPRT
A
xanthine allopurinol 2 Xanthine oxidase
2\/ 3 Adenosine deaminase
4
uric acid
------------------------ ]» Not present in humans
A
allantoin
FIGURE 3-5. Purine salvage pathway and deficiencies. HGPRT = hypoxanthine phos-

phoribosyltransferase.

Purine Salvage Deficiencies

LescH-NYHAN SYNDROME

X-linked recessive disorder of failed purine salvage due to the absence of
HGPRT. HGPRT converts hypoxanthine — IMP and guanine — GMP. The
inability to salvage purines leads to excess purine synthesis and consequent
excess uric acid production.

PRESENTATION

Retardation, cerebral palsy, self-mutilation, aggression, gout, choreoathetosis,
arthritis, nephropathy.

DiaGNosis

Orange crystals in diaper, difficulty with movement, self-injury, hyperuri-
cemia.

TREATMENT

Allopurinol, which inhibits xanthine oxidase. Treatment does not ameliorate
neurologic symptoms.

ProGNoOSIS

Urate nephropathy, death in the first decade, usually as a result of renal
failure.

Gourt

Disorder associated with hyperuricemia, due to either overproduction or
underexcretion of uric acid. Uric acid is less soluble than hypoxanthine and
xanthine, and, therefore, sodium urate crystals deposit in joints and soft tis-
sues, leading to arthritis.

CHAPTER 3

fa) unmonic

Lesch-Nyhan Syndrome

Lacks
Nucleotide
Salvage (purine)

ASH
ORWARD

Differential diagnosis for increased

uric acid and gout:

m  Lesch-Nyhan, alcoholism, and
G6PD.

m  Alcoholism
G6P deficiency, hereditary
fructose intolerance, galactose
1P uridyl transferase deficiency—
all disorders with increased
accumulation of phosphorylated
sugars, increased degradation
products (e.g., AMP).
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N

Chemotherapeutics exploit

these pathways: Hydroxyurea
inhibits ribonucleotide reductase;
5-fluorouracil (5-FU) inhibits
thymidylate synthase; methotrexate
and pyrimethamine inhibit
dihydrofolate reductase.

BIOCHEMISTRY

Primary gout: Due to hyperuricemia without evident cause. Affected
individuals may have a familial disposition. May occur in association with
PRPP synthetase hyperactivity or HGPRT deficiency of Lesch-Nyhan syn-
drome; most common form.

Secondary (acquired) gout: Uric acid overproduction can be caused by leu-
kemia, myeloproliferative syndrome, multiple myeloma, hemolysis, neopla-
sia, psoriasis, and alcoholism and is more common in men. Secondary gout
due to urate underexcretion can be caused by kidney disease and drugs such
as aspirin, diuretics, and alcohol.

PRESENTATION

Monoarticular arthritis of distal joints (e.g., podagra—gout of the great toe),
often with history of hyperuricemia for > 20-30 years, precipitated by a sud-
den change in urate levels (e.g., due to large meals, alcohol), eventually leads
to nodular tophi (urate crystals surrounded by fibrous connective tissue)
located around the joints and Achilles tendon.

DiaGNosIs

Arthritis, hyperuricemia, detection of negatively bifringent crystals from artic-
ular tap.

TREATMENT

Normalize uric acid levels (allopurinol, probenecid for chronic gout),
decrease pain and inflammation (colchicines, nonsteroidal anti-inflammatory

drug [NSAIDs] for acute gout), avoid large meals and alcohol.

SEVERE CoMBINED (T AND B) IMMuNODEFICIENCY (SCID)

Autosomal recessive disorder caused by a deficiency in adenosine deaminase
(ADA). Excess ATP and dATP causes an imbalance in the nucleotide pool via
inhibition of ribonucleotide reductase (catalyzes ribose — deoxyribose). This
prevents DNA synthesis and decreases the lymphocyte count. It is not under-
stood why the enzyme deficiency devastates lymphocytes in particular.

PRESENTATION

Children recurrently infected with bacterial, protozoan, and viral pathogens,
especially Candida, Pneumocystis jiroveci.

DiaGNosIs

No plasma cells or B or T lymphocytes on complete blood count (CBC), no
thymus.

TREATMENT

Gene therapy, bone marrow transplantation.

ProGNoSIS

Poor.

Pyrimidine Nucleotide Synthesis

Like purines, pyrimidine synthesis can occur through de novo synthesis or
may be recycled through the salvage pathway. The salvage pathway relies on
pyrimidine phosphoribosyl transferase enzyme, which is responsible for recy-
cling orotic acid, uracil, and thymine, but not cytosine. De novo synthesis
relies on a different set of enzymes.
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HEREDITARY OROTIC ACIDURIA

Deficiency in orotate phosphoribosyl transterase and/or OMP decarboxylase
(pyrimidine metabolism).

PRESENTATION

Retarded growth, severe anemia.

DiaGNosis

Low serum iron, leukopenia, megaloblastosis, white precipitate in urine.

TREATMENT

Synthetic cytidine or uridine given to maintain pyrimidine nucleotide levels
for DNA and RNA synthesis.

NucLEOTIDE DEGRADATION

Products of purine degradation include uric acid, which is excreted in urine.
Pyrimidine degradation yields B-amino acids, CO,, and NH,*. For example,
thymine is degraded into B-aminoisobutyrate, CO,, and NH,*. Since thy-
mine degradation is the only source of B-aminoisobutyrate in urine, urinary
B-aminoisobutyrate levels are often used as an indicator of DNA turnover (T
in chemotherapy, radiation therapy).

DNA Synthesis

Building blocks: Deoxyribonucleotides (ANTPs).

dADP, dGDP, dCDP, dUDP synthesis: Depends on ribonucleotide
reductase enzyme, which converts ADP, GDP, CDP, and UDP into
dADP, dGDP, dCDP, and dUDP, respectively. dATP, an allosteric inhibi-
tor, strictly regulates ribonucleotide reductase in order to control the over-
all supply of dNDPs.

dTDP synthesis: Thymidylate synthase catalyzes the transfer of one car-
bon from N°N!0-methylene tetrahydrofolate (FH,) to dUDP, yielding
dTDP. The N°, NI-FH, coenzyme then must be regenerated by dihydro-
folate reductase, which uses NADPH.

DNA Structure

The structure of DNA is characterized by its polarity, with a 5* phosphate end
and a 3’ hydroxyl end (see Figure 3-6). It is composed of two polynucleotide
strands that run antiparallel to each other (i.e., in opposite directions). The
two strands coil around a common axis to form a right-handed double helix
(also called B-DNA). Rarely, there is also lefthanded DNA, called Z-DNA.
Nitrogenous bases sit inside the helix, whereas the phosphate and deoxyribose
units sit outside. Fach turn of the helix consists of 10 base pairs.

Organization of Eukaryotic DNA Supercoiling

DNA helices can be tightly or loosely wound, and the physical strain on the
helix depends on the action of topoisomerases. Topoisomerases nick the helix
at its sugar-phosphate backbone, rendering it either loosely wound (negatively
supercoiled DNA) or overwound (positively supercoiled DNA).

CHAPTER 3

AC
ORWARD

Bacterial dihydrofolate reductase

is inhibited by the antimetabolite
trimethoprim. It is often used in
combination with sulfonamides (e.g,
sulfamethoxazole) to sequentially
block folate synthesis.

' KEY FACT

Conditions that lead to denaturation
of the DNA helix: Heat, alkaline pH,
formamide, and urea.

ASH
ORWARD

Quinolone antibiotics inhibit bacterial
topoisomerase V.
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' KEY FACT

Levels of DNA-protein
organization

DNA — histones (H2A, H2B, H3,
H4) — nucleosome (10-nm fiber)
— 30-nm fiber

' KEY FACT

DNA is negatively charged, whereas
histone proteins are positively
charged. The electrostatic charges
facilitate their interaction.

' KEY FACT

DNA + histones = beads on a string

fa)  mnwonic

Eu = true, “truly transcribed”

BIOCHEMISTRY

BUILDING BLOCKS OF DNA

Sugar
phosphate Base  Nucleotide DNA strand
&m e~ @R s e o )
< G GCHA T
Sugar
phosphate
Double-stranded DNA DNA double helix
3 3 ,
A 5' VN 5
= T
_o.
CcC=G
-0
T
Lo Sugar-phosphate
G=EC backbone
-0
G=C
-0
C=G
T
T

'Q_'é

ap @ ¢

v 5 v

Hydrogen-bonded
pairs

FIGURE 3-6. Schematic representation of two complementary DNA sequences.

Nucleosome DNA is found associated with nucleoproteins as a protein-DNA
complex (see Figure 3-7). Negatively charged DNA is looped twice around
positively charged histones composed of H2A, H2B, H3, and H4 proteins. The
DNA-covered octamer of histone proteins (beads on a string) forms a unit
called a nucleosome (also called 10-nm fibers). H1 histone and linker DNA
tie one nucleosome to the next; the nucleosomes, in aggregate, condense fur-
ther to form the 30-nm fiber. The 30-nm fibers associate and loop around scaf-
folding proteins. During mitosis, DNA condenses to form chromosomes.

HETEROCHROMATIN
Condensed.

Transcriptionally inactive.
Found in mitosis as well as interphase.

EUCHROMATIN

Less condensed.
Transcriptionally active.
Includes the 10-nm and 30-nm fibers.
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DNA
Histone H1

Nucleosome core
histones H2A, H2B, H3, H4

FIGURE 3-7. Chromatin structure and related proteins.

CHROMATIN STRUCTURE

Influenced by both DNA methylation and histone acetylation. Usually, inac-
tive genes have increased amounts of methylated DNA. Acetylation of histone
loosens the chromatin structure. Loosened DNA is more accessible, and more
genes can be transcribed.

DNA Replication in Prokaryotes

SEMICONSERVATIVE REPLICATION (see Figure 3-8)

Each parent DNA strand serves as a template for the synthesis of one new
daughter DNA strand. The resulting DNA molecule has one original parent

strand and one newly synthesized strand.

SEPARATION OF TwWo CoMmPLEMENTARY DNA STRANDS

Replication begins at a single, unique nucleotide sequence known as the ori-
gin of replication. A replication fork forms and marks a region of active syn-
thesis. Replication is bidirectional with a leading and a discontinuous/lagging
strand.

Leading strand is replicated in the direction in which the replication fork
is moving. Synthesized continuously.

Lagging strand is copied in the opposite direction of the moving replica-
tion fork. Synthesized discontinuously. The short, discontinuous fragments
are known as Okazaki fragments.

Involves several other proteins (see Table 3-2).

DNA
polymerase I

Single-strand
binding protein Leading strand
RNA
primer
Okazaki

fragment DNA

ligase

Lagging
strand

Replication Primase

fork

FIGURE 3-8. Prokaryotic DNA replication and DNA polymerases. DNA replication with
the leading and lagging strands.
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' KEY FACT

Increased DNA methylation —
decreased gene transcription

Increased histone acetylation —
increased gene transcription

9 CLINI
48 CORRELA

Antibodies against the SS-A and/or
SS-B antigens are often present in
Sjogren’s syndrome.
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' KEY FACT

BIOCHEMISTRY

TABLE 3-2.

PROTEIN

Other Important Proteins Involved with Prokaryotic DNA Replication

FUNCTION

DnaA protein

Binds to origin of replication and causes dsDNA to melt

into a local region of ssDNA.

DNA helicase

Unwinds double helix. Requires energy (ATP).

Single-stranded DNA-binding
(SS-B) protein

Binds and stabilizes ssDNA to prevent re-annealing.

RNA primase

Synthesizes 10 nucleotide primer.

DNA topoisomerase

Creates a nick in the helix to relieve the supercoils/strain

imposed by DNA unwinding.

RNA PRIMER

DNA polymerase Ill has 5" — 3’

polymerase activity and 3" — 5’

exonuclease activity.

CHAIN ELONGATION

Made by primase; necessary for DNA polymerase I to initiate replication.

Catalyzed by DNA polymerase III, which has both polymerase and proof-

reading functions.

TABLE 3-3.

Elongates the DNA chain by adding deoxynucleotides (dNTPs) to the
3”-hydroxyl end of the RNA primer. Continues to add dN'TPs from the 5’
— 3’ direction until it reaches the primer of the preceding fragment.

Proofreads each newly added nucleotide. Has 3" — 5’ exonuclease activity.

Prokaryotic versus Eukaryotic DNA Replication

PROKARYOTES

EUKARYOTES

DNA

Circular, small

Linear, long

Sites of replication

Only one (origin of replication, rich in AT base
pairs), bound by DnaA proteins

Multiple sites that include a short sequence that is
rich in AT base pairs (consensus sequence)

Primer synthesis

Leading strand synthesis
Lagging strand synthesis
DNA repair

RNA primase

DNA polymerase IlI (chain elongation, proofreading)
DNA polymerase | (degrades RNA primer)

DNA polymerase a—primase activity, initiates DNA
synthesis

DNA polymerase o, 3—DNA elongation

DNA polymerase a, 8

DNA polymerase B, €

Proofreading DNA polymerase Il ?DNA polymerase o
Mitochondrial DNA N/A DNA polymerase y—replicates mitochondrial DNA
RNA primer removal DNA polymerase | RNase H
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DNA PoOLYMERASE |
Degrades RNA primer. Has 5" — 3’ exonuclease activity.

DNA LIGASE

Seals the remaining nick by creating a phosphodiester linkage.

Opverall, eukaryotic DNA replication is similar to that of prokaryotic DNA
synthesis, with several notable exceptions (see Table 3-3). Namely, replica-
tion begins at consensus sequences that are rich in A-T base pairs. Eukaryotic
genome has multiple origins of replication. Eukaryotes have separate poly-
merases (0., B, v, 6, €) for synthesizing RNA primers, leading-strand DNA, lag-
ging-strand DNA, mitochondrial DNA, and DNA repair (mutations and DNA
repair are discussed later in the chapter).

Building blocks are ribonucleotides connected by phosphodiester bonds.

RNA versus DNA
RNA differs from DNA in the following ways:
Smaller than DNA.
Contains ribose sugar (deoxyribose in DNA) and uracil (thymine in

DNA).
Usually exists in single-strand form.

Types of RNA

There are three types of RNA, each with a specific function and location in
the cell (see Table 3-4).

tRNA Structure

75-90 nucleotides in a cloverleaf form. Anticodon end is opposite the 3’
aminoacyl end. All tRNAs, both eukaryotic and prokaryotic, have CCA at the
3" end, in addition to a high percentage of chemically modified bases. The
amino acid is covalently bound to the 3" end of the tRNA (see Figure 3-9).
The anticodon of the tRNA is the same sequence as the DNA template strand
(see Figure 3-10).

TABLE 3-4. Comparison of the Three Types of RNA

CHAPTER 3

' KEY FACT

DNA polymerase | excises RNA
primer with 5" — 3’ exonuclease.

' KEY FACT

MRNA = largest type of RNA
rRNA = most abundant type of RNA
tRNA = smallest type of RNA

fa) mnwonic

Massive (MRNA)
Rampant (FRNA)
Tiny (tRNA)

ABUNDANCE IN CELL

RNA TypE FuNcTION (% orf TotAL RNA) Nortes
mRNA Messenger—carries genetic information from nucleus to cytosol. 5 Largest type
rRNA Ribosomal. 80 Most abundant type
tRNA Transfer—serves as an adapter molecule that recognizes genetic code 15 Smallest type

(the codon) that is carried by mRNA. A codon comprises three adjacent
nucleotides that encodes one and only one amino acid. Carries and
matches a specific amino acid that corresponds to the codon.
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' KEY FACT

Synthesis of DNA — RNA — protein
is unidirectional.

fa) mnwonic

Stop codons—

UGA =U Go Away
UAA = U Are Away
UAG = U Are Gone

' KEY FACT

DNA and RNA are synthesized 5’
to 3.

Protein is synthesized from N- to
C-terminus.
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Methionine
\ACCSI

Anticodon

(CAU) AC

I

AUG
e Y
mRNA Codon

FIGURE 3-9. tRNA structure.

FEATURES OF THE GENETIC CODE

Central Dogma

The central dogma states that RNA is synthesized from a DNA template and
protein is synthesized from an RNA template (see Figure 3-11).

DNA and RNA sequences are read in triplets (a codon), in which each codon
encodes either an amino acid (61 possible codons) or a “stop” signal (UGA,
UAA, UAG). The start codon AUG (or rarely GUG) is the mRNA initiation
codon. It fixes the reading frame and encodes slightly different amino acids in
prokaryotes versus eukaryotes (see Table 3-5). For both prokaryotes and eukary-
otes, the genetic code is unambiguous, redundant, and (almost) universal.

UNAMBIGUOUS

I codon — 1| amino acid.

DEGENERATE/REDUNDANT

More than 1 codon may code for the same amino acid (e.g., three codons
encode for the same stop signal).

UNIVERSAL

Used by almost all known organisms with some exceptions (e.g., mitochon-
dria, Archaebacteria, mycoplasma, and some yeasts).

DirecTioN oF DNA, RNA, AND PROTEIN SYNTHESIS

During DNA/RNA and protein synthesis, nucleotides and amino acids are
always added in a set direction (see Table 3-6).

5 GATCTT /

DNA o [T T TTT Sqagan LT TT 5

mRNA 5 ——— GAUCUU — &
CTA

FIGURE 3-10. How the DNA template relates to mRNA and to the tRNA anticodon.
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| DNA (4 possible dNTPs) ‘

transcription

A
| RNA (4 possible NTPs) ‘

translation

4

Protein (20
amino acids)

FIGURE 3-11.
RNA.

TRANSCRIPTION

The DNA template is transcribed into RNA by RNA polymerase in a process
similar to that of DNA replication/synthesis.

The central dogma. RNA is made from DNA, and protein is made from

RNA is composed of uracil (U) instead of thymine (T) bases. Therefore, in
RNA, adenine (A) pairs with a uracil (U) instead of thymine (T).

The RNA immediately produced by RNA polymerase (before it undergoes
modification) is known as the primary transcript or heterogeneous nuclear
RNA (hnRNA).

Eukaryotes modify hnRNA, but prokaryotes do not (see Table 3-7).
Fukaryotes and prokaryotes possess different RNA polymerases.

Whereas prokaryotes have only one RNA polymerase that synthesizes all
RNA types, eukaryotes have several, each of which is responsible for making
mRNA, rRNA, and tRNA.

Transcription in Prokaryotes

In contrast to eukaryotes, prokaryotic RNA polymerase synthesizes all three
types of RNA. It does not require a primer, and cannot proofread or correct
mistakes. Structurally, it has two forms:

Core enzyme composed of four subunits (o,3B’).
Holoenzyme, a core enzyme with a sigma subunit that allows the enzyme
to recognize promoter sequences.

Transcription occurs in three steps—initiation, elongation, and termination.

INITIATION

Sigma subunit of RNA polymerase recognizes promoter region of the sense
strand of DNA, binds to DNA, and unwinds double helix. Upstream consen-
sus sequences help the RNA pol find the promoter. This process is blocked by
rifampin.

TABLE 3-5. Start Codon in Prokaryotes versus Eukaryotes

Prokaryotes AUG — formyl-methionine (f-met).

Eukaryotes AUG — methionine (may be removed before translation is completed).

CHAPTER 3

' KEY FACT

DNA—A and T base pair
RNA—A and U base pair

' KEY FACT

DNA polymerase has proofreading
activity, but eukaryotic and
prokaryotic RNA polymerases do not.

' KEY FACT

Prokaryotes are unable to modify
their primary transcript. One end
of the mRNA can be translated,
while the other end is still being
transcribed!
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Rifampin and actinomycin D inhibit

various parts of the transcriptional

machinery.

= Rifampin: Binds B subunit of
RNA polymerase and inhibits
initiation of RNA synthesis.

m  Actinomycin D: Binds DNA
and prevents RNA polymerase
from moving along template.

' KEY FACT

Prokaryotes have one RNA
polymerase that makes all types of
RNA.

Eukaryotes have several RNA
polymerases for each RNA type.

' KEY FACT

The flow of genetic information:
DNA — (replication) — DNA
— (transcription) - mRNA,
tRNA, rRNA — (translation) —
protein.

BIOCHEMISTRY

TABLE 3-6. Direction of DNA, RNA, and Protein Synthesis

MoLECULE TYPE DIRECTION OF SYNTHESIS NoTES

DNA 5’ End of nucleotide added to 5’ Triphosphate group is the energy
RNA 3’-OH group of growing DNA/ source for the phosphodiester

RNA (5" — 3'). bond.
Protein Amino acids linked N-terminus to

C-terminus (N — C).

ELONGATION

RNA grows as a polynucleotide chain from the 5" end to the 3" end. Mean-
while, RNA polymerase moves along the DNA template from the 3” end to
the 5 end (see Figure 3-12). Blocked by actinomycin D.

TERMINATION

RNA polymerase and/or specific termination factors (e.g., rho factor in Escher-
ichia coli) recognize special DNA sequences that cause their dissociation from
the DNA template.

Termination can be rho-dependent or independent.
Rho-dependent termination requires participation of a protein factor.
Rho-independent termination requires a spemﬁc secondary structure (a
hairpin loop followed by a string of Us) in the newly synthesized RNA
(see Figure 3-13).

Transcription in Eukaryotes

Transcription in eukaryotes involves both RNA polymerase and additional
transcription factors that bind to DNA. Different RNA polymerases are
required to synthesize different types of eukaryotic RNA (see Table 3-8).

TABLE 3-7.

Factors that Affect Modification of the Primary
Transcript?

PosT-TRANSCRIPTIONAL IVMIODIFICATION

RNA Type PROKARYOTES EUKARYOTES
mRNA No—identical with primary transcript Yes
tRNA Yes Yes
rRNA Yes Yes

aWhether or not the primary transcript is modified depends on the
RNA type (mRNA, tRNA, rRNA) and the organism (eukaryotes versus
prokaryotes).
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FIGURE 3-12.
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AA D) ¥ )
polymerase 5

DNA template

Elongation step in transcription. RNA synthesis occurs from 5" to 3/,

whereas the RNA polymerase moves along the DNA template in the 3’ to the 5 direction.

Direction of transcription

Coding strand 5’
Template strand 3’

Coding strand 5’
Template strand 3’

FIGURE 3-13.

AGCCCGC
TCGGGCG

TTTTTTTT
AAAAAAAA

GCGGGCT
CGCCCGA

<T1TTTTrr

AAAAAAAA

yUuuuuu-g

000006~
PoOOOROCC

RNA transcript

C

Harper’s Illustrated Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 353.)

TABLE 3-8. Eukaryotic RNA Polymerases and Their Function
RNA POLYMERASE RNA Type MADE NortEs
RNA polymerase | rRNA.
RNA polymerase II mRNA. Cannot initiate transcription by itself,
requires transcription factors.
RNA polymerase IlI tRNA.

Mitochondrial RNA
polymerase

Transcribes RNA from
mitochondrial genes.

Inhibited by rifampin, more closely
resembles bacterial RNA polymerase than
eukaryotic RNA polymerase.

DNA

DNA

Typical prokaryotic termination sequence. (Modified, with permission, from Murray RK, Granner DK, Rodwell VW.
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TABLE 3-9. Types and Function of Post-transcriptional Modification

POST-TRANSCRIPTIONAL

MoDIFICATION DESCRIPTION Funcrion
5’ Capping 7-Methyl-guanosine added to 5’ end of RNA. Prevents mRNA degradation, allows translation (protein
synthesis) to begin.

Poly-A tail 40-200 adenine nucleotides added to 3’ end of Stabilizes mRNA, facilitates exit from nucleus. Note: not
RNA by polyadenylate polymerase. all mRNAs have a poly-A tail (e.g., histone mRNAs).

RNA splicing Performed by the spliceosome, which is composed  Introns (DNA sequences that do not code for protein)
of small nuclear ribonucleoprotein particles are removed and exons (coding sequences) are
(snRNP). Binds the primary transcript at splice spliced together (see Figure 3-15). The excised intron is
junctions flanked by GU-AG. released as a lariat structure.

' KEY FACT

In eukaryotes, RNA processing
occurs in the nucleus.

In prokaryotes, RNA is not
processed. The primary transcript is
translated as soon as it is made.

) mnewonic

INtrons stay IN the nucleus, whereas
EXons EXit and are EXpressed.

ASH
ORWARD

Defects in post-transcriptional RNA

processing can cause pathology.

m  Systemic lupus erythematosus is
associated with the production
of antibodies to host protein,
including small nuclear
ribonucleoprotein particles
(snRNPs).

m 15% of genetic diseases result
from defective RNA splicing (i.e.,
incorrect splicing of B-globin
mRNA is responsible for some
cases of B-thalassemia).

REGULATION OF GENE EXPRESSION AT THE LEVEL OF TRANSCRIPTION

Based on DNA sequences that may be located distant from, near, or within
(e.g., in an intron, which is not expressed) the gene being regulated. These
DNA sequences include:

Promoters: In eukaryotes, includes a TATA sequence (the TATA box) and/
or a CAAT sequence 25 and 70 base pairs, respectively, upstream of ATG
start codon. Critical for initiation of transcription. Mutations may decrease
the quantity of gene transcribed.

Enhancer: Stretch of DNA that increases the rate of transcription when
bound by transcription factors.

Silencer: Stretch of DNA that decreases the rate of transcription when

bound.

TRANSCRIPTION

Follows the same steps as prokaryotes (initiation, elongation, and termination),
but requires different RNA polymerase machinery.

RNA PROCESSING

Unlike in prokaryotic mRNA, the primary transcript (hnRNA) is both spliced
and modified with a 5’-cap and a 3’-tail before leaving the nucleus (see Table
3-9). The cap contains 7-methylguanine, which protects it against nuclear
digestion and helps insure correct alignment of the RNA and ribosome for
translation. The 3’ poly A tail protects the mRNA from exonucleases, allows
it to be exported from the nucleus, and is important for translation. Splicing
prevents translation of introns. Once modified, the RNA is known as mRNA
(see Figure 3-14).

,ﬂ‘ Coding

5
Gpppp F:

3
HO-AAAA

—_

Tail

FIGURE 3-14. Structure of a typically processed mRNA in eukaryotes.
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Introns
DNA | [ | | | | | |
Exons
Transcription
and splicing
mRNA [ I I |

FIGURE 3-15. Schematic representation of introns versus exons.

TRANSLATION

Translation is the process by which mRNA base sequences are translated
into an amino acid sequence and protein. It involves all three types of RNA;
mRNA is the template for protein synthesis. tRNA contains a three-base anti-
codon that hydrogen bonds to complementary bases in mRNA. Each tRNA
molecule carries an amino acid that corresponds to its anticodon. rRNA—
along with other proteins—composes the ribosomes. Ribosomes coordinate
the interactions among mRNA, tRNA, and the enzymes necessary for protein
synthesis.

Ribosomes

The site of protein synthesis. Composed of rRNA and protein. Consist of two
subunits—one large, one small. The subunits in prokaryotes and eukaryotes
differ in size (S values are usually not additive); eukaryotic ribosomes are
larger.

(Small (Large
subunit) subunit)
Prokaryote 30S + 508 = 708
ribosome:
Eukaryote 408 + 60S = 80S
ribosome:
tRNA STRUCTURE

Distinct structure designed to “translate” the mRNA sequence into the corre-
sponding amino acid sequence (see Figure 3-10). tRNA is composed of 75-90
nucleotides in a cloverleaf form. The anticodon end is opposite the 3” amino-
acyl end and is antiparallel and complementary to the codon in mRNA (see
Figure 3-9). All tRNAs—both eukaryotic and prokaryotic—have CCA at the
3’ end, in addition to a high percentage of chemically modified bases. The
amino acid is covalently bound to the 3" end of the RNA.

tRNA CHARGING

Requires aminoacyl-tRNA synthetase, ATP, and tRNA. Each amino acid has
a specific synthetase that transfers energy from 1 ATP to the bond between
the amino acid and the 3" hydroxyl (OH) group of the appropriate tRNA
(see Figure 3-16). This bond contains the energy that later forms the peptide
bond when the amino acid is added to the growing peptide. If an amino acid
is incorrectly paired with tRNA, aminoacyl-tRNA synthetase hydrolyzes the
amino acid—tRNA bond.

CHAPTER 3
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Buy AT 30, CELL AT 50.

Certain antibiotics target the bacterial
ribosome and disrupt translation.

Aminoglycosides and Tetracycline
inhibit the 30S subunit.
Clindamycin, Chloramphenicol
Erythromycin, and lincomycin inhibit
the 50S ribosome subunit.
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Aminoacyl tRNA AA

synthetase
ATP AMP + PP,

FIGURE 3-16. tRNA charging.

tRNA WoBBLE

The code for certain amino acids relies only on the base sequence of the first
two nucleotides in the codon. As described earlier, often the same amino acid
has multiple codons that differ in the third “wobble” position. Therefore, < 61
tRNAs are needed to translate all 61 codons.

Protein Synthesis

Proteins are assembled from the N- to the C-terminus, whereas the mRNA
template is read from the 5" to the 3" end. The number of proteins that the
mRNA can encode differs between prokaryotes and eukaryotes (see Table
3-10). mRNA from eukaryotes encodes for only one protein, whereas prokary-
otic mRNA can encode several different proteins. Protein synthesis three steps
followed by posttranslational modification(s).

INITIATION

In prokaryotes, the complex formed for initiation of translation consists of 30S
ribosomal subunit, mRNA, f-Met tRNA, and three initiation factors. The for-
mation of the initiation complex differs between prokaryotes and eukaryotes,
as summarized in Table 3-11.

ELONGATION

Three-step cycle in which tRNA delivers the appropriate amino acid to the
ribosome, the amino acid forms a peptide bond to the growing peptide chain,
and the ribosome shifts one codon so that the next codon can be translated
(see Figures 3-17 and 3-18).

Aminoacyl-tRNA (charged tRNA) binds A site.

Amino acid in A site forms peptide bond with peptide in P site. Reaction is
catalyzed by peptidyl transterase and uses energy from the bond between
the amino acid and tRNA. The peptide in the P site is effectively trans-
ferred to the amino acid—tRNA in the A site, leaving the tRNA in the P site

empty.

TABLE 3-10. Prokaryotic versus Eukaryotic Translation

PROKARYOTE EUKARYOTE
> 1 coding region (polycistronic), each of which is RNA encodes only 1 polypeptide
independently translated by ribosomes. chain (monocistronic).

Each region has its own initiation codon and produces ~ Each mRNA contains only 1
a separate polypeptide. Thus, the mRNA may contain protein.
multiple proteins.
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TABLE 3-11. Prokaryotic versus Eukaryotic Translation

CHAPTER 3

PROKARYOTES EUKARYOTES
Ribosomal binding ~ 30S ribosomal subunit binds Shine-Dalgarno No Shine-Dalgarno sequence, 40S ribosomal subunit
sequence, which is 6-10 nucleotides upstream binds 5’ cap and moves down mRNA until it encounters
(toward 5’ end) of AUG codon. AUG codon.
Initiator tRNA fMet (methionine with a formyl group attached). Met (methionine only)
Assembly of Facilitated by initiation factors (IF-1, IF-2, IF-3), 50S Initiation factors (elF, and at least 10 other factors).
initiation complex ribosomal subunit binds to make 70S complex.

Ribosome translocates 1 codon (requires EF-2, GTP hydrolysis) toward the
3" end of mRNA. Uncharged tRNA is now in the E site (where it exits),
and tRNA with the growing peptide chain enters the P site.

TERMINATION

Occurs when one of three stop codons (UGA, UAA, UAG) is encountered.
Peptide is released from ribosome via release factor (RF) protein and G'TP.

POST-TRANSLATIONAL MODIFICATION

Modification may result in the removal of amino acids or addition of addi-
tional molecules to make protein active and/or properly tag the protein for
proper transport to its final destination.

Trimming removes portions of the peptide chain to make the protein
active (i.e., zymogen, an inactive precursor of a secreted enzyme).

Protein may be covalently modified through phosphorylation and glyco-
sylation. Phosphorylation turns the protein on or off. Proteins that will be
secreted or reside in the plasma membrane or lysosomes will be glycosyl-
ated in the endoplasmic reticulum (ER) and Golgi apparatus.

60S

Ribosome

5

A,

408

FIGURE 3-17. Schematic representation of eukaryotic ribosome and the sites involved
in protein synthesis. P (peptidyl) site initially binds initiator tRNA, later binds growing pep-
tide chain. A (aminoacyl) site binds incoming tRNA molecule with activated amino acid (i.e.,
bound amino acid with high-energy bond). E site receives uncharged tRNA once amino acid
has been added to polypeptide.
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Drugs selective for prokaryotic
protein synthesis machinery.

Drug Site of Action

Tetracycline Prevents initiation
since charged
tRNA cannot bind
ribosome.

Streptomycin Prevents initiation
since code is
misread.

Erythromycin Inhibits
translocation.

AC
ORWARD

Many proteins of the coagulation
cascade and enzymes involved
in digestion (e.g, trypsinogen,
pepsinogen) are zymogens.
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n n+1
G TP—5' — 3 (A),
P site —— ——— Assite
Peptidyl- @
tRNA ..
e
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EFIA
GDP 4\ ‘
k GTP n n+1
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FIGURE 3-18. Schematic representation of elongation phase of protein synthesis.
(Modified, with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated
Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 375.)
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. Mutations and DNA Repair

DNA mutations and the intrinsic cellular mechanisms that act to minimize
their occurrence play a very important role in health and disease. Not only do
DNA mutations result in numerous pathologic conditions, they also form the
basis for the evolution of novel traits in species.

Mutation

A mutation is any change in the sequence of DNA base pairs that is perma-
nent and arises by chance. To be considered a mutation, the change in the
base-pair sequence must not be a result of recombination.

DNA Repair

Several molecular mechanisms exist to ensure that most changes in the DNA
sequence are repaired and thus do not become permanent mutations. It is
estimated that between 1000 and 1,000,000 DNA sequence damaging events
occur in each cell every day. However, most of these are quickly corrected by
one of the DNA repair mechanisms. Note that DNA repair is independent of
the proofreading action of DNA polymerase during DNA replication.

Types of Mutations
Mutated DNA includes DNA in which one nucleotide has changed (point

mutation) and DNA in which one or more nucleotides have been added or
removed. Since the DNA code is read in triplets (a codon, three consecutive
nucleotides, encodes an amino acid), adding or removing one or two nucle-
otides will cause a frame shift mutation. Point mutations lead to one of three
outcomes: the identity of the amino acid is unchanged (silent mutation); the
amino acid is changed to another amino acid (missense); or a stop signal is
introduced (nonsense).

PoiNT MUTATIONS

Point mutations occur when a single DNA nucleotide base is replaced by a
different nucleotide. These are also known as substitutions. Occasionally, sin-
gle nucleotide deletions or insertions are also considered point mutations, but
they cause reading frame shifts.

There are three types of point mutations: missense mutations, nonsense muta-
tions, and silent mutations.

Missense mutations: The replacement of a single nucleotide base with a
different one, resulting in a change in the codon so that it codes for a dif-
ferent amino acid (see Figure 3-19B). These are common types of muta-
tions and cause several genetic diseases.

Nonsense mutations: Mutation causes premature introduction of a STOP
codon (TAA, TAG, or TGA). This causes the translation of the mRNA to
stop, resulting in a truncated protein (see Figure 3-19C).

Silent mutations: Mutation results in the same amino acid as the original.
Because the genetic code is redundant (i.e., several codons code for the
same amino acid), in some cases a change in a single nucleotide base still
codes for the same amino acid (see Figure 3-19D). Most often, this results
from a base change in the third position of the codon (wobble position).
The resulting protein is identical to the wild-type protein.

CHAPTER 3
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In sickle cell anemia, a change in
the sixth codon of the B-globin
gene from A to T results in a
modified hemoglobin structure.
The result is hemoglobin S (sickle),
which polymerizes under low-O,,
conditions, causing distortion of
red blood cells and leading to the
associated clinical phenotype.

K’

One of the mutations causing cystic
fibrosis (CF) results when T is
substituted for C at nucleotide 1609
of the CFTR gene. This converts

a glutamine codon (CAG) to a
STOP codon (TAG), thus stopping
the translation of CFTR after the
first 493 amino acids, instead of
the normal 1480 (note: the most
common CF-causing mutation
[AF508], which accounts for about
669 of cases worldwide, is actually
not a nonsense mutation).

CLINICAL
CORRELATION




GRS GCI BIOCHEMISTRY

A. Original DNA strand (wildtype)

[ ]vacteeecteracccact [
[ |AUGACCGGAGAUGGGUGA[ |

Peptide [Mat[Thr]Gly [Asp] Gly |

B. Missense mutation

[ |tacaeeeetetacceact [
[ ]aucmcceeacaugGGuca |

Peptide [Mat[Ser[Gly [Asp[Gly]

C. Nonsense mutation

[ |vactaamcrctacccact [
[ |aucaccueacauGcGGuGca| |

Peptide [Mat]Thr]

D. Silent mutation

[l auskcnccacauseeusA [T

Peptide [Mat[Thr[Gly [Asp[Gly|
E. Frameshift mutation

[ ] vaceeeereracccact [
[ Avcccemsgaveseyes [T

Peptide [Mat[Pre[Glu[Met[Gly[ [ | [ ]??

FIGURE 3-19. Types of point mutations. (A) Wild-type DNA sequence. (B) Missense
mutation: a single amino acid is changed. (C) Nonsense mutation: the change results in a stop
codon, truncating the protein. (D) Silent mutation: the change still codes for the same amino
acid, and no changes are observed in the resulting protein. (E) Frameshift mutation: one base
pair is deleted, causing all the subsequent codons to shift and resulting in a completely modi-
fied protein chain.

With respect to their biochemical origin, point mutations can be one of five
?
types: transition, transversion, tautomerism, depurination, or deamination.

Transition: A mutation in which a pyrimidine is replaced by a pyrimidine,

or a purine by a purine. For example, a replacement of a G-C pair by an
"m A-T pair would result in a transition.

Transversion: A purine replaced by a pyrimidine or vice versa. An A-T pair
A transition is easy, transversion replaced by either a T-A or C-G pair would be a transversion.

requires effort: Tautomerism: The modification of a base caused by migration of a proton

Transition: purine — purine; or a hydrogen bond, which results in switching of an adjacent single and a
pyrimidine — pyrimidine. double bond
Transversion: Substitute a purine for )

2 pyrimidine or vice versa, Depurination: Caused by a spontanecous hydrolysis of a purine base (A or

G), in such a way that its deoxyribose-phosphate backbone remains intact.
Deamination: A spontaneous reaction that can result in the conversion
of cytosine into uracil (C to U), 5-methylcytosine into thymine, or ade-
nine into hypoxanthine (A to HX). Of note, the deamination of C to U
is the only of these that can be corrected, since uracil can be recognized,
whereas thymine and hypoxanthine are not detected as errant.
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Insertions

Insertions are mutations in which one or several base pairs are added to the
DNA sequence. Most commonly, insertions of short DNA fragments called
transposons (or transposable elements) are responsible. Insertions may result
from errors in DNA replication of nucleotide repeats. Insertions can result in
frameshift mutations and splice site mutations.

FRAMESHIFT MIUTATIONS

Because codons are always read in triplets, adding or deleting any number of
bases that is not a multiple of three shifts the reading frame during translation
and greatly alters the amino acid sequence of the protein (see Figure 3-19E).

SpLICE SITE MUTATIONS

At times, insertions of nucleotide bases in certain regions of a gene can alter
the splicing of introns from the precursor mRNA. This results in mRNA that
contains introns, resulting in significantly altered protein products.

Deletions

Deletions refer to the loss of one or several nucleotides from the DNA
sequence. Much like insertions described above, they can result in frameshift
mutations and splice site mutations. They are generally irreversible.

Amplifications

Amplifications are cellular events resulting in multiple copies of whole DNA
segments, including all the genes located on them. Amplifications are usu-
ally caused by a disproportionately high level of DNA replication in a limited
portion of the genome. In this manner, the multiplied genes are effectively
amplified, leading to a higher number of copies of the encoded protein. This
can alter the phenotype of the affected cell. For example, drug resistance in
certain cancers is linked to amplifications of genes that confer resistance to
chemotherapeutic agents by preventing their uptake into the cell.

Chromosomal Translocations

A chromosomal translocation is defined as an exchange of genetic material
between two nonhomologous chromosomes.

Reciprocal (non-Robertsonian) translocation: Results in a true exchange
of DNA fragments between two chromosomes. This can lead to the for-
mation of new fusion genes, or a changed level of expression of existing
genes.

Robertsonian translocation: A large fragment of a chromosome attaches
to another chromosome, but no DNA is attached in return (see Figure
3-20). Common Robertsonian translocations are confined to the acrocen-
tric chromosomes (those in which the centromere is located very near to
one of the ends, e.g., 13, 14, 15, 21, and 22) because the short arms of
these chromosomes contain no essential genetic material. A minority of
cases of Down’s syndrome are caused by the Robertsonian translocation of
approximately one third of chromosome 21 on to chromosome 14.

Interstitial Deletions

Deletions of large DNA fragments on a single chromosome that results in the
pairing of two genes that are not normally in sequence. Like chromosomal
translocations, such events can lead to the formation of fusion oncogenes.

CHAPTER 3
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A splice site mutation in the B-globin
gene is responsible for certain cases
of B-thalassemia.

9 CLINICAL

° CORRELATION
The bcr-abl gene, associated with
chronic myelogenous leukemia
(CML), results from a translocation

event between chromosomes 9 and
12 (Philadelphia chromosome).
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_ I
Normal Normal Robertsonian
chromosome 13  chromosome 14 translocation
rob (13q14q)

FIGURE 3-20. Robertsonian chromosomal translocation. A large fragment of a chromo-
some attaches to another chromosome, but no DNA is attached in return, resulting in the loss
of a small amount of genetic material.

Chromosomal Inversions

Chromosomal inversions refer to a large segment of a single chromosome
becoming reversed within the same chromosome, usually resulting from a
rearrangement following chromosomal breakage. Similar to translocations
and interstitial deletions, chromosomal inversions can create fusion genes.

ORIGINS OF MUTATIONS

Most mutations arise spontaneously, usually as a result either of errors in
DNA replication (e.g., point mutations and amplifications) or random cellu-
lar events (including chromosomal translocations and inversions). However,
many mutations are directly caused by specific agents, collectively known as
mutagens. Some mutagens are external, whereas some are formed as by-prod-
ucts of cellular metabolism (e.g., reactive oxygen species [ROS]).

The type of cell in which a mutation arises is also important. When a muta-
tion arises in a germ cell, it is termed a germline mutation. These mutations
can be passed to the offspring. Conversely, a mutation in a somatic cell is
termed a somatic mutation and cannot be passed on to offspring. However,
somatic mutations are passed on to the somatic daughter cells of the organism
(i.e., cancers resulting from somatic mutations).

These are agents that directly cause or increase the likelihood of changes in
the DNA sequence. Innumerable mutagens have been identified, and novel
ones are continually discovered. Mutagens generally fall into two categories:
chemical agents and ionizing radiation. Because mutations often give rise to
cancer, they are often also carcinogens.
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Chemical Agents

ALKYLATING AGENTS

Chemical agents that transfer alkyl groups to other molecules, including
DNA. Specifically, they cross-link guanine nucleotides in DNA, thus caus-
ing damage to the DNA that can lead to mutations in both rephcating and
nonreplicating cells. However, some alkylating agents are used as anticancer
drugs because of their unique ability to introduce sufficient DNA damage to
render a cell unable to divide. Examples of these chemotherapeutics include
cisplatin and carboplatin.

BASE ANALOGS

Chemical agents that are similar to one of the four nucleotide bases found in
DNA and can thus be incorrectly incorporated into DNA during replication.
However, they differ enough chemically that they cause mismatch during
base pairing, thus introducing mutations in daughter DNA strands. An exam-
ple of a base analog is bromodeoxyuridine (BrdU), which researchers often
use to identify dividing cells because it is incorporated into the DNA during
replication.

Do not confuse base analogs with antimetabolites, which also share similar-
ity with regularly occurring nucleotides, but upon incorporation into DNA,
inhibit further replication. As a result, they can be considered competitive
inhibitors of DNA replication and are used as anticancer chemotherapeutics.

METHYLATING AGENTS

Methylating agents, such as ethyl methanesulfonate (EMS), that introduce
mutations by transferring methyl groups to DNA nucleotide bases. These sub-
stances are typically not used as anticancer agents because do not cause cell

death.

DNA INTERCALATING AGENTS

Cause DNA damage by inserting themselves between two nucleotide base
pairs. This physically interferes with DNA transcription and replication, lead-
ing to mutation events. Examples include ethidium bromide, a fluorescent
DNA dye commonly used in research laboratories, and aflatoxin, a carcino-
gen produced by a fungus from the genus Aspergzllus Some DNA intercalat-
ing agents, such as doxorubicin and daunorubicin, are used as cancer che-
motherapeutics. Thalidomide, a teratogen associated with numerous cases of
phocomelia (very short or absent long bones and flipper-like appearance of
hands and/or feet) in the 1960s, is also a DNA intercalating agent. It is now
only used as a last resort anti-inflammatory agent in the treatment of erythema
nodosum leprosum and sarcoidosis and as a salvage chemotherapeutic agent
in patients with multiple myeloma.

DNA CROSS-LINKING AGENTS

These chemical agents act as mutagens by forming covalent bonds between
nucleotide bases in DNA, therefore interfering with replication and transcrip-
tion. A typical example is platinum, a derivative of which, cisplatin, is a che-
motherapeutic agent commonly used in cancers.

REACTIVE OXYGEN SPECIES

ROS are free radicals, which are molecular species rendered highly reac-
tive by the presence of unpaired electrons. They damage DNA by “stealing”
electrons from DNA to become more stable. Examples include superoxide,
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FIGURE 3-21. Skin cancer. Clinical appearance of malignant melanoma, a skin cancer
caused by UV radiation, often a consequence of sun overexposure. (Reproduced with permis-
sion from Wolff K, Goldsmith LA, Katz SI, et al. Fitzpatrick's Dermatology in General Medi-
cine, 7th ed. New York: McGraw-Hill, 2008.)

hydrogen peroxide, and hydroxyl radicals. These species are thought to be
important in age-related cellular damage.

lonizing Radiation
ULTRAVIOLET RADIATION

Ultraviolet (UV) radiation is a type of electromagnetic radiation with a shorter
wavelength and higher energy than that of visible light. It causes DNA dam-
age by inducing the formation of covalent bonds between adjacent thymine
nucleotides, giving rise to bulky thymine dimers. This is the basis for increased
risk of skin cancer resulting from sun overexposure (see Figure 3-21).

IoNizING RADIATION

lonizing radiation, produced by radioactive materials, is electromagnetic radi-
ation with energy high enough to ionize a molecule or atom by removing an
electron from its orbit. This process causes significant DNA damage, resulting
in mutations and eventual cell death. Although potentially very dangerous,
this type of radiation can be used in targeted cancer treatment and radiogra-

phy (X-rays).

DNA REPAIR

DNA repair mechanisms are responsible for minimizing the negative effects
that DNA damage has on the cell. DNA damage occurs almost constantly in
living cells. When DNA damage surpasses a certain threshold, either because
there is too much accumulated damage or because DNA repair mechanisms
are no longer effective, a cell can have one of the following three fates:

1. Senescence: A cell enters a dormant state that is irreversible, in which the
main cellular processes and functions are suspended.

2. Apoptosis: A cell undergoes programmed cell death, or suicide, by activat-
ing specialized signal cascades.

3. Cancer: A cell starts undergoing unregulated cell division, resulting in
neoplasia and tumor growth.

DNA repair is thus extremely important for proper functioning of cells and
the organism as a whole. A number of specialized DNA repair mechanisms
have evolved, and are discussed below (see Figure 3-22 for an overview).
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Damaging agent

X-rays UV light UV light
Oxygen radicals
Alkylating agents Aromatic X-rays Replication
Spontaneous reaction hydrocarbons Antitumor agents errors

Lesion

Uracil Photoproducts Crosslinks A-G mismatch

abasic sites Bulky adducts Double-strand T-C mismatch
Single-strand breaks Pyrimidine dimers breaks Insertion
Deletion

Repair process

Base excision Nucleotide excision Recombinational Mismatch
repair (BER) repair (NER) repair (HR/NHEJ) repair (MMR)
Transcription-coupled
repair (TCR)

FIGURE 3-22. DNA repair mechanisms. Different agents cause a wide variety of DNA
damage. Specialized mechanisms have evolved to repair this damage.

Direct Reversal

When specific DNA nucleotides are damaged by chemical modification, the
resulting molecular species are specific to the nucleotide that was damaged.
The cell can use this information to determine the original nucleotide and
can directly reverse the damage using mechanisms specific to the type of dam-
age. Examples include the repair of UV light-induced thymine dimers. Sim-
ilarly, guanine bases that undergo methylation are repaired by methylguanine
methyltransferase (MGMT). Certain cases of cytosine and adenine methyla-
tion are also repaired using direct reversal mechanisms.

Single-Strand Damage

When only one of the strands in the DNA double helix is damaged, the com-
plementary base on the opposite strand can be used as a template for repair.
Several DNA repair mechanisms rely on this principle.

BAse ExcisioN REPAIR

When single nucleotides are damaged by alkylation, deamination, or oxida-
tion reactions, two enzymes, DNA glycosylase and AP endonuclease remove
and repair the damaged bases. Endonuclease nicks the phosphodiester bond
next to the base, releases deoxyribose, and creates a gap. DNA polymerase
then inserts the correct nucleotide in its place (based on the complementary
base), and the nick is sealed by DNA ligase. The most common DNA dam-
age is the deamination of cytosine to uracil.

Nucteotipe Excision Repair (NER) (see Figure 3-23)

A set of mechanisms similar to base excision repair, but used to excise and
replace longer stretches of nucleotides (2-30 bases). UV-damaged DNA: dim-
ers form between adjacent pyrimidines (e.g., thymine), thus preventing DNA
replication. UV-specific endonuclease (uvrABC excinuclease) recognizes the
damaged base and makes a break several bases upstream (toward the 5 side).
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Defects in mismatch repair can lead
to hereditary nonpolyposis colon
cancer (HNPCC).

Other diseases caused by genetic

defects:

Genetic

Defect Disease

ATM Ataxia-telangiectasia
(AT)

UVR ABC | Xeroderma
pigmentosum
(XP)

MSH, MLH | Hereditary
nonpolyposis
colorectal cancer
(HNPCC)

Helicase Wermer

BRCA1 Breast cancer
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OLIGONUCLEOTIDE EXCISION

BY CUTTING AT TWO SITES
3 5
5 —— — 3
|  DEGRADATION OF MUTATED DNA |
|  RESYNTHESIS AND RELIGATION |
3 5
5 3

FIGURE 3-23. Mechanism of nucleotide excision repair. (Modified, with permission,
from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated Biochemistry, 27th ed. New
York: McGraw-Hill, 2006: 345.)

Helicase removes the short stretch of nucleotides. The gap is filled in by DNA
polymerase, and DNA ligase seals the nick.

MismATCH REPAIR

Mismatch repair is used when there is an error in the pairing of nucleo-
tides secondary to DNA replication or recombination. The base pair mis-
match repair system detects errors that escaped proofreading during DNA
replication.

Identify the mismatched strand: In newly synthesized DNA, adenine resi-
dues in GATC sequence motifs have not yet been methylated. Thus, the
DNA parent strand, but not the newly synthesized strand, is methylated.
Repair damaged DNA: The mismatched strand is nicked with endonu-
clease and the mismatched base(s) is/are removed. The sister strand is used
as a template, and DNA polymerase fills in the gap.

Double-Strand Breaks

The situation is distinctly different when both strands of the DNA double
helix are broken. In this case, no direct template exists to guide the cell’s
repair process. Double-stranded breaks can be repaired by either homologous
recombination (recombinatorial repair or crossing over) or nonhomologous
end joining (NHE]). In NHE], specific proteins bring the ends of two DNA

fragments together. However, this is error prone and mutagenic.

NoNHOMOLoGOuUS END JOINING

When both strands of DNA are broken in a region that has not yet been repli-
cated, there is truly no template for the cell to use to reconstruct the damaged
DNA. However, because a complete break of the DNA double helix is highly
deleterious for the cell, an attempt is made to fix the break using NHE]. In
this process, DNA ligase—containing complexes join the separated ends of
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the double helix, relying on microhomologies between the ends of the single-
stranded fragments. However, by definition, NHE] is always mutagenic.

RECOMBINATORIAL REPAIR

Sometimes a double-stranded break occurs during DNA replication. In this
case, a fragment of the DNA has already been replicated and can serve as a
template for the repair of the double-stranded break. Molecularly, the enzy-
matic complex involved in recombinatorial repair is similar to that involved
in chromosomal crossover.

Translesion Synthesis

As a last resort, cells perform translesion synthesis as a means of continuing
DNA replication. When DNA damage is extensive enough to prevent the
replication machinery from advancing, special DNA polymerases repair the
damaged DNA by inserting nucleotide bases. These nucleotide bases are not
completely arbitrary, but they are also not based on a template. Therefore,
translesion synthesis introduces mutations by necessity, but enables the cell to
continue DNA replication.

When entering cell division or mitosis (M), the cell cycle enters the G, phase
(growth phase 1). At this point, nonproliferating cells enter G, a quiescent
phase, whereas active cells proceed to the synthesis (S) phase, which is char-
acterized by DNA replication. Following the S phase is the G,, or growth
phase 2, a short period before the cell divides again (reenters the M phase).

Several checkpoints exist in the cell cycle for a damaged cell to prevent itself
from proceeding to the next phase in the cycle (see Figure 3-24).

G4 checkpoint

.»
/ \~

G, checkpoint

FIGURE 3-24. Cell cycle checkpoints. At several points during the cell cycle, a dividing
cell ensures that multiple criteria are satisfied before proceeding with the cycle. Most notably,
these include the G,, G, and M (mitosis or anaphase) checkpoints.
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G, Checkpoint

The first checkpoint takes place at the end of the G, phase. At this point, most
eukaryotic cells decide whether to proceed with DNA replication (enter S
phase) or become quiescent (enter the G, phase). The decision is made based
on the availability of nutrients, the amount of DNA damage present, and sur-
rounding conditions. This checkpoint is largely dependent on p53 (a tumor
suppressor protein), which can allow the cell to enter the S or the G, phases,
or—if the amount of damage is too great—undergo apoptosis. Mutations in the
p53 gene are present in many cancers and are the basis for the Li-Fraumeni
syndrome.

G, Checkpoint

The second crucial checkpoint occurs at the end of growth phase 2 (G,) just
before mitosis. This is the final checkpoint before the cell commits to division.
Two crucial molecules, the maturation promoting factor (MPF) and a cyclin-
dependent kinase (CDK), regulate this step.

M (Mitosis or Anaphase) Checkpoint

The final checkpoint in the cell cycle takes place in anaphase, when the
action of Cdhl triggers the destruction of cyclins, causing the cell to exit
mitosis and initiate cytokinesis.

PATHOLOGY

Xeroderma Pigmentosum
CLINICAL FEATURES

Xeroderma pigmentosum (XP) is an autosomal recessive disorder caused by
mutations that incapacitate the NER mechanism, rendering the cells unable
to repair damage caused by UV radiation. Therefore, people with XP cannot
tolerate sunlight.

Although patients are born with normal skin, the first signs of XP usually
become apparent early in life (6 months of age) and include freckle-like
increased pigmentation and diffuse erythema and scaling, especially in light-
exposed areas. The second stage of disease usually involves the development
of telangiectasias, skin atrophy, mottled irregular pigmentation, and other
characteristics of poikiloderma. The final stage, which can occur in child-
hood, gives rise to malignancies, including malignant melanoma, squamous
cell and basal cell carcinomas, and fibrosarcoma. In addition, patients exhibit
generalized photosensitivity, photophobia, and conjunctivitis (80%). Neuro-
logic problems are seen in approximately 20% of the patients and can include
microcephaly, spasticity, hyporeflexia, ataxia, motor neuron signs, and mental
retardation. These symptoms are related to the severity of the disease. Patients
with XP are also more susceptible to infection.

CELLULAR CHARACTERISTICS

UV radiation causes DNA damage by inducing the formation of covalent
bonds between adjacent thymine nucleotides, giving rise to bulky thymine
dimers. Under normal circumstances, this damage is reversed by the NER
mechanism. However, in XP, some of the proteins involved in NER are
mutated, rendering the cell unable, or less able, to repair UV-induced dam-
age. This leads to the accumulation of mutations and eventual development
of skin cancers.
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GENETICS

XP is an autosomal recessive disease caused by mutations in one of the seven
identified XP repair genes (XPA through XPG). Seven subtypes of XP are rec-
ognized (XPA-XPG, respectively), and occur with different frequencies. Dif-
ferent subtypes differ in their severity and clinical manifestations. The overall
incidence of the disease is about 1 in 250,000 except in Japan, where it is as

high as 1 in 40,000.

TREATMENT AND PROGNOSIS

The only treatment for XP is the avoidance of sunlight. The main causes of
mortality in XP are skin neoplasms, in particular, malignant melanoma and
squamous cell carcinoma. Patients younger than 20 years have a 1000 times
higher incidence of both melanoma and nonmelanoma, as compared to the
general population. The average life span of a person with XP is reduced by
about 40 years. Oral retinoids have been used to reduce the incidence of skin
cancer, but they cause irreversible calcification of tendons and ligaments.
5-Fluorouracil and topical imiquimod and acitretin have been used to treat
keratoses. It has recently been discovered that topically applied bioengineered
DNA repair enzymes lower the incidence of certain skin lesions during a year
of treatment.

Cockayne’s Syndrome
CLINICAL FEATURES

Cockayne’s syndrome (CS), like XP, is an autosomal recessive disorder caused
by mutations that affect the NER mechanism, thus rendering the cells unable
to repair damage caused by UV radiation. However, unlike XP, skin malignan-
cies are uncommon. CS is characterized by bird-like facies, progressive retino-
pathy, dwarfism, and photosensitivity. Patients tend to have large ears, a thin
nose, and microcephaly, with deeply set eyes, short stature, and long limbs.
Skin hyperplgmentatlon telangiectasia, and erythema are also common. They
exhibit premature signs of aging and progressive neurologic deterioration.

CELLULAR CHARACTERISTICS

The faulty NER mechanism leads to the inability of cells to repair DNA dam-
age caused by exposure to UV light. This results in the accumulation of muta-
tions and overall accelerated aging of the cells.

GENETICS

Both of the main types of CS are autosomal recessive and are involved in
NER. The incidence of the disorder is less than 1 in 250,000. It affects both

genders and all races equally.

TREATMENT AND PROGNOSIS

There is no cure for CS, and treatment is largely supportive. It involves pro-
tecting the patients from sun exposure, using sunscreen, and treating neu-
rologic deficiencies that arise, such as deafness. CS-1, or classic CS usually
presents in childhood, followed by progressive neurologic deterioration, with
death typically occurring by the third decade. In contrast, CS-2 is a much
more severe form of the disease and usually presents shortly after birth, with
patients generally surviving to six or seven years of age.
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Trichothiodystrophy
CLINICAL FEATURES

Trichothiodystrophy (T'T'D) is the rarest disorder arising from deficiencies in
the NER mechanism. It is a heterogeneous group of autosomal recessive dis-
orders characterized by sulfur-rich brittle hair and nails, photosensitive, dry,
thickened, scaly skin (“fishskin”) and both physical and mental retardation.
Skin cancer is typically not associated with the disorder.

CELLULAR CHARACTERISTICS

As in XP and CS, deficiencies in numerous proteins involved in NER results
in the accumulation of UV light-induced DNA damage.

GENETICS

TTD is an extremely rare disorder, with only over a dozen cases reported. The
genetic abnormalities are heterogeneous, but all include genes involved in
nucleotide exchange repair.

TREATMENT AND PROGNOSIS

No cure exists for TTD, and much like in other nucleotide exchange repair
disorders, the treatment is largely supportive.

Fanconi's Anemia
CLINICAL FEATURES

Fanconi’s anemia (FA) is an autosomal recessive disease characterized by
bone marrow failure and DNA repair defects. Patients often develop pancy-
topenia as a consequence of aplastic anemia, leukemias, and solid tumors. In
particular, liver, head and neck, esophageal, and vulvar cancers are very com-
mon. Newborns sometimes exhibit characteristic abnormalities, including
genitourinary problems and poor growth. Pigmentation and café-au-lait spots
are also often present. Symptoms of bone marrow failure include petechiae,
bruises, pallor, fatigue, and infections.

CELLULAR CHARACTERISTICS

At least 11 genes are involved in the FA pathway. Mutations in any of these
genes render cells more susceptible to damage by O,-free radicals. These
mutations also cause deficiencies in DNA repair mechanisms and interfere
with cell cycle control. Hematopoietic cells are particularly affected, and the
risk of malignancy is increased in many tissues.

GENETICS

FA is an autosomal recessive disorder that affects approximately 1 in 360,000
people worldwide; in Ashkenazi Jewish and Afrikaners populations, the inci-
dence is approx1mately 10 times higher. The mutation can occur in any of
the 11 genes involved in the pathway.

TREATMENT AND PROGNOSIS

There are no specific treatments for FA. The highest mortality and morbidity
arise from bone marrow failure, leukemias, and solid cancers. Therefore, the
treatments are focused on those specific clinical features.
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Bloom Syndrome
CLiNicAL FEATURES

Bloom syndrome (BS) is a rare autosomal recessive disorder characterized by
growth delay (usually of prenatal onset), a significantly increased risk of malig-
nancy (approximately 300-fold), and recurrent respiratory and gastrointestinal
infections due to compromised immunity. Telangiectatic erythema is often
seen in a butterfly facial distribution. (In fact, the disease is also known as con-
genital telangiectatic erythema.)

CELLULAR CHARACTERISTICS

The mutation causing BS affects a gene coding for a protein with a helicase
activity thought to be involved in the maintenance of genomic stability. A sig-
nificantly higher frequency of sister chromatid exchanges and chromosomal
instability is also seen, and is thought to be due to consistent overproduction
of superoxide radicals.

GENETICS

BS is an autosomal recessive disorder caused by a mutation in the BLM gene
on chromosome 15. It is a very rare disorder (about 170 cases have been
reported) that affects both sexes and all races, although it is somewhat more
common in Ashkenazi Jews.

TREATMENT AND PROGNOSIS

Typically, there is no specific treatment for BS. Interventions are aimed at
dealing with neoplasms, infection, and dermatologic manifestations. Sun-
screen and sun avoidance are recommended. The highest risk of death is due
to cancers, typically in the second and third decades of life.

Werner's Syndrome
CLINICAL FEATURES

Werner’s syndrome (WS) is an autosomal recessive disease characterized by
onset of accelerated aging, usually in the late teen years. The disease is also
known as progeria of the adult. Affected individuals appear disproportionately
aged, including thin, tight, scleroderma-like skin, muscle atrophy, wrinkling,
hyperkeratosis, gray, thmmng hair, and nail dystrophy Cataracts, osteoporosis,
neoplasias, diabetes mellitus, and arteriosclerosis are generally the sources of
morbidity and mortality. Of note, development is typically normal in the first
decade of life.

CELLULAR CHARACTERISTICS

The gene involved in WS codes for a DNA helicase involved in DNA repair
mechanisms and general transcription and replication. WS particularly affects
connective tissues, and overproduction of both collagen and collagenase has
been reported. As in other diseases of this type, it is thought that the overall
phenotype results from deficiencies in genome maintenance.

GENETICS

As noted, WS is a rare autosomal recessive disorder linked to a mutation in the
WS gene, which codes for a helicase. It is estimated to affect 1 in 1,000,000
people. Even though no racial predilection is reported, more than 80% of the
reported cases are found in Japan. It affects both men and women.
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' KEY FACT

Microsatellite instability is a change
in the number of repeating units of
microsatellites in germline alleles.
Microsatellites are stretches of DNA
made of short repeating motifs
(usually between one and five bases
in length).
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TREATMENT AND PROGNOSIS

There is no cure for WS, and the prognosis is grim. Treatments are aimed
at conditions arising from the accelerated aging process, including cancers,
diabetes mellitus, and arteriosclerotic complications. The mean survival for
patients with WS is the middle of the fourth decade, with death usually result-
ing from malignancies and arteriosclerosis.

Ataxia-Telangiectasia
CLINICAL FEATURES

Ataxia-telangiectasia (AT) is a heterogeneous disease, typically characterized
by progressive neurologic dysfunction, cerebellar ataxia, sinopulmonary infec-
tions, telangiectasias, increased risk of malignancy, and hypersensitivity to
X-rays. Neurologically, it can progress to spinal muscular atrophy and periph-
eral neuropathies. Patients characteristically have dull, relaxed facies and
oculomotor signs. About 30% of patients also have mild mental retardation.
Skin and hair tend to show accelerated signs of aging.

CELLULAR CHARACTERISTICS

The protein affected by the AT mutation has been shown to be required for
the maintenance of genome stability. Patients have higher frequencies of
chromosome and chromatid breaks and rearrangements, disproportionately
affecting chromosomes 7 and 14, which are responsible for T-cell receptor
and immunoglobulin regulation.

GENETICS

Several genetic AT variants exist. The disease is inherited in an autosomal
recessive pattern, and involves a mutation in the ATM gene (AT mutated),
located on chromosome 11. It affects an estimated 1 in 100,000 people across
all races and both sexes.

TREATMENT AND PROGNOSIS

The treatment in AT is aimed at controlling recurrent infections and malig-
nancies. Supportive neurologic care is often required; the prognosis is very
poor. Most patients survive until early or mid-adolescence, with the usual
causes of death being bronchopulmonary infections and cancer.

Hereditary Nonpolyposis Colorectal Cancer
CLiNIcAL FEATURES

Affected individuals have a significantly increased risk of developing colorec-
tal cancer in addition to other malignancies, such as cancers of the endome-
trium, ovary, stomach, and brain. Also known as Lynch syndrome, patients
affected by this disorder have an 80% lifetime likelihood of developing colo-
rectal cancer. Female patients have an estimated 30%-50% chance of devel-
oping endometrial cancer.

CELLULAR CHARACTERISTICS

Several genes involved in the mismatch DNA repair pathway are involved in
pathogenesis in HNPCC. This leads to significant microsatellite instability
resulting in the accumulation of mutations that give rise to malignancies.

GENETICS

HNPCC is an autosomal dominant disorder. It is caused by mutations in a
number of genes, most notably MSH2, MLH]I, and PMSZ2. In addition, ras
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gene mutations can be detected in the stool. HNPCC is thought to account
for about 5% of all colorectal cancers.

TREATMENT AND PROGNOSIS

Treatment is focused on the prevention and treatment of colorectal malig-
nancies or other cancers. Some affected individuals elect to undergo prophy-
lactic colectomy or hysterectomy. Common screening for cancers, including
colonoscopy, pelvic exam, and urine cytology are recommended. According
to the most recent guidelines, colonoscopy should be performed every two
years beginning at age 25, or five years younger than the age of the earliest
diagnosis in the family, whichever is earlier. Beginning at age 40, colonoscopy
should be performed annually.

Hereditary Breast Cancer
CLINICAL FEATURES

Patients affected with hereditary breast cancer have a 60% to 80% lifetime risk
of developing breast cancer (compared with an average 11% lifetime risk in
American women). Characteristically, there is a strong family history of breast
cancer, and the patients often develop cancer at an early age. They may also
develop bilateral disease. The malignancies disproportionately include serous
adenocarcinomas. Patients with BRCA2 mutations also have a significantly
higher risk of developing ovarian, prostate, and pancreatic cancers.

CELLULAR CHARACTERISTICS

The genes involved in typical cases of hereditary breast cancer involve the
DNA repair machinery. A higher frequency of p53 mutations is seen in
affected patients.

GENETICS

Hereditary breast cancer is inherited as an autosomal dominant trait. It typi-
cally involves mutations of the BRCAI and BRCA2 genes. Although it pre-
dominantly affects women, it is important to note that these mutations signifi-
cantly increase the risk of breast tissue cancers in men as well. About 5% of all
breast cancers are thought to be hereditary forms. Ashkenazi Jewish popula-
tions have increased frequencies of some common mutations in BRCAI and

BRCAZ genes.

TREATMENT AND PROGNOSIS

Primary interventions include breast cancer screening and mammography
Prophylactic mastectomy, oophorectomy, and chemoprevention remain con-
troversial. The cancers are typically of higher histologic grade, and are also
more likely to be estrogen receptor— and progesterone receptor-negative,
which carries implications in treatment and prognosis.

. Enzymes

Enzymes are biologic polymers that catalyze chemical reactions, allowing
them to proceed at rates that are compatible with life as we know it.
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' KEY FACT

Almost all enzymes are proteins.
However, recent research has
revealed that some RNA molecules
can act as enzymes (known as
ribozymes).

' KEY FACT

Apoenzyme + cofactor =
holoenzyme.

' KEY FACT

Enzymes do not affect AG.
Therefore, they do not affect the
direction, extent, or spontaneity of a
reaction.
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Nomenclature

The suffix “-ase” always indicates an enzyme (e.g., DNA polymerase). Most
enzyme names end with -ase.

Another common enzyme suffix is “-in” (e.g., fibrin).

Function

Enzymes allow nutrients to be absorbed and used by the body in many ways,
as shown in Figure 3-25.

Activity

Many enzymes are dependent on the presence of a cofactor. A cofactor is a
small molecule that binds to an enzyme, affording that enzyme catalytic
activity. Without the cofactor, the enzyme is inert (i.e., it is an apoenzyme).
All cofactors belong to one of two classes: metals (e.g., Mgz+ Zn2*) or small
organic molecules (e.g., biotin, THF).

Many cofactors are derived from vitamins, for this reason, vitamin deficiencies
can be devastating. However, not all symptoms of vitamin deficiencies result
from the loss of enzymatic activity.

Vitamin deficiency — cofactor deficiency — certain holoenzymes are left
unformed — cellular reactions cannot occur normally — disease states occur.

For example, vitamin B, (thiamine) deficiency — thiamine pyrophosphate
(TPP) deficiency — pyruvate dehydrogenase, a-ketoglutarate dehydrogenase,
and transketolase remain in their inactive, apoenzymatic forms — cells’ ability
to produce energy is drastically reduced — beriberi (neurologic dysfunction,
cardiac dysfunction, weight loss).

THERMODYNAMICS

Enzyme activity can be quantified by several variables, as described in Table

3-12.

GiBBS’ FREE ENERGY CHANGE
AG = AH - TAS

AG represents the difference in free energy state between the products and
the reactants in a reaction. Systems favor low-energy states. Thus, a reaction
proceeds in the direction that decreases the system’s free energy.

Kn=[S]at & Vinax

Velocity (V)

FIGURE 3-25. Enzyme functions.



TABLE 3-12. Thermodynamic Properties

AG
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AG

ACT

AH
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AS

Represents

Change in free energy.

Free energy of activation.

Change in enthalpy (heat
content).

Change in entropy.

Information given

Direction and extent of a
reaction.

Rate of reaction.

Whether heat is given off
or absorbed.

Level of disorder in a

system.

Affect by enzymes

No.

Yes—they lower it, which
increases the reaction

No.

No.

rate.
If<o Exergonic reaction—will Does not occur. Exothermic reaction— Does not occur (except
proceed spontaneously. heat is given off. in isolated subsets of a
system).

Ifit=0 System is at equilibrium. Does not occur. No change in heat. The components of the
system have neither
absorbed nor given off
energy.

If>0 Endergonic reaction— Energy of transition Endothermic reaction— Spontaneous reaction.

energy input necessary to

state—minimum energy

heat is absorbed.

drive reaction. required of reacting
molecules for reaction to

proceed.

If the reaction, A + B — C + D, is characterized by AG = -3.0 kJ/mol, then
by definition, the reverse reaction, C+D — A + B, is characterized by AG =
+3.0 kJ/mol.

In this example, A + B — C + D is said to be exergonic. It proceeds spontane-
ously (i.e., no energy input is required to drive the reaction).

The reverse reaction, C + D — A + B is said to be endergonic. It does not pro-
ceed spontaneously but will occur if sufficient energy is added to the system.

For the reaction, A + B : C+D.

THE EQUILIBRIUM CONSTANT
K, = [C][D]/[A][B]

K’,, represents the ratio of the concentration of products to reactants when the
reaction is at equilibrium (the rates of the forward and reverse reactions are
equal, and there is no net change in the amounts of products or reactants).

When K> 1 the equilibrium lies to the right, and favors formation of
products.

When K<L the equilibrium lies to the left and favors formation of reactants.
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AG and K, qare related by the expression:
AG =AG” +RTIn K’

AG® represents the standard free-energy change, or the change in free
energy when the concentration of the reactants and products are each 1.0 M
and the pH is 7. R is the gas constant (8.31 J/mol/K, but do not memorize it),
and T is the absolute temperature.

Many enzymes’ kinetic properties can be explained by the Michaelis-Menten
model. For the purposes of Step 1, you can assume Michaelis-Menten kinet-
ics unless stated otherwise.

The Michaelis-Menten model states that:

ky ks

e
E+S 3 ES—-E+P

k

E (enzyme) + S (substrate) must combine to form an ES (enzyme-substrate
complex), which then proceeds to E + P (product).

k, represents the rate of complex formation, while k_; represents the rate
0% dissociation of the complex bhack to reactant.

k, represents the rate of formation of product from the complex.

The concentration of enzyme-substrate complex is dependent on the rates of
its formation (k;) and dissociation (k; and k).

ES formation = k,[E][S]
ES breakdown = (k_, + k,) [ES]
Assuming steady-state conditions for the complex,
Ky [E]S] =k, +ky) [ES]
or
[E][S]/[ES] = (k| +ky) /K,
The familiar Michaelis-Menten constant, K, ;, combines all of the rate terms.
Ky = (k +ky) /K.
K, compares the rate of breakdown of the complex with the rate of forma-
tion, thus representing the affinity that an enzyme and substrate have for each
other.
The lower the K_, the higher the affinity.
The higher the K__ the lower the affinity.

The rate of the enzymatic reaction, V, is defined as the rate of formation of P.

V=k[ES].
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TABLE 3-13. K Relationships

K, INDICATES IMPLICATION )
Low Low k; or k, High enzyme-substrate affinity because ES state is Fast
or preferred over E and S.
High k,
High High k, or k, Low enzyme-substrate affinity because E and S are Slow
or preferred over ES state.
Low k,

V, therefore, is directly related to [ES], and inversely related to Ky

These relationships are summarized in Table 3-13 and are represented graphi-
cally in Figure 3-26.

As the substrate concentration increases, the rate of the reaction, V, increases.
The asymptotic V| occurs at the substrate concentration that saturates the
enzyme’s active sites. At this [S], adding more substrate will not increase the
rate of the reaction because there are no additional sites for the formation of
the ES complex. Often, the relationship between V and S is plotted recipro-

cally as a Lineweaver-Burk plot to obtain a linear plot, as shown in Figure
3-27.

Inhibitors are molecules that bind to an enzyme and decrease its activity.

Competitive inhibitors compete for the active site. They bind at the same site
as the substrate, thus preventing the substrate from binding.

Cell motility
o®
(\ﬁ@ ,
mes Synaptic
ey transmission
Ener
gy nzymes
& Oeh;, Muscle action
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&
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O‘j@
&
Chemical

building blocks
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FIGURE 3-26. Many functions of enzyme.
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' KEY FACT

Memorize the indications on these
graphs. It will save you a lot of time
during the exam.
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FIGURE 3-27. Lineweaver-Burk plot.

‘ ’ EORRELA Noncompetitive inhibitors bind at a site distinct from the active site. They

reduce the enzyme’s efficiency without affecting substrate binding. These dif-
ferences are summarized in Table 3-14.

Alcohol dehydrogenase catalyzes
the conversion of methanol to
formic acid and formaldehyde. The
accumulation of these products
causes blindness.

The antidote for methanol poisoning  An enzyme’s efficacy is regulated by many factors.
is ethanol administration. Ethanol

competitively inhibits alcohol pH

dehydrogenase by binding to
the enzyme's active site and
preventing the enzyme from

The activity of enzymes is dependent on pH. Each enzyme has an optimal
pH at which it is maximally active.

binding to methanol. Inhibition of The optimal pH varies by enzyme.

methanol binding prevents further The optimal pH often depends on the ionization state of the enzyme’s side

accumulation of formic acid and chain(s).

formaldehyde by promoting the The optimal pH often “makes sense” physiologically.

conversion of ethanol of nontoxic Pepsin is an enzyme that breaks down protein in the stomach. Its

acetaldehyde. optimal pH is about 2, which corresponds to the stomach’s acidic
environment.

TABLE 3-14. Enzyme Inhibition

COMPETITIVE NONCOMPETITIVE
INHIBITORS Why INHIBITORS Why
Resemble substrate Yes - No -
Overcome by Yes Greater probability that substrate, rather No Inhibition is due to effect on
increasing [S] than inhibitor, will bind active site. enzyme alone, not enzyme-
substrate interaction.
Bind active site Yes - No —
Effecton V., Unchanged  With maximal [S], inhibition is Down Enzyme cannot function at
overcome.? maximal efficiency.
Effect on K, Up Presence of inhibitor decreases Unchanged Inhibitor does not affect
the likelihood of enzyme-substrate likelihood of enzyme-substrate
binding (affinity of the enzyme for the binding since it binds to the
substrate). enzyme at a separate site.

Although V. itself is unchanged, it occurs at a greater [S] than when no inhibitor is present.
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Temperature

In general, as temperature increases, an enzyme’s activity also increases (the
heat increases the kinetic energy in the system). In biology lab, you probably
incubated many enzymatic reactions at 37°C or higher. At these temperatures,
the enzyme-catalyzed reactions occur much more rapidly than they would
have occurred at room temperature (22°C).

Above a certain temperature, enzymatic activity rapidly decreases. This is
due to protein denaturation.
Fach enzyme has a different optimum temperature.

Concentration

Increased enzyme concentration increases activity because more active
sites are available for binding by reactants.
Decreased enzyme concentration decreases activity because fewer active
sites are available for binding by reactants.
In the cell or the body, the concentration of any enzyme is determined by
the relative rates of enzyme synthesis and enzyme degradation.
Enzyme synthesis may be increased in the presence of an inducer or
decreased in the presence of a repressor.
Inducers and repressors act at the level of transcription by binding to
DNA regulatory elements.
Enzyme degradation is mediated by ubiquitination, which tags proteins
for destruction by the proteasome.

Covalent Modification

An enzyme’s activity can be altered by the attachment or removal of other
molecules. Such additions or subtractions may change the enzyme’s structure
or other properties, resulting in a change in enzyme activity.

Phosphorylation and Dephosphorylation

Each of these processes can increase or decrease enzymatic activity, depend-
ing on the particular enzyme.

Phosphorylation occurs at serine, threonine, and tyrosine residues.

Kinases are enzymes that catalyze phosphorylation.

Phosphatases are enzymes that catalyze dephosphorylation.
Acetylation and dephosphorylation (e.g., COX-2)
v-Decarboxylation (e.g., thrombin)

ADP-ribosylation (e.g., RNA polymerase)

Zymogens (Proenzymes)

Inactive precursors to enzymes that must be cleaved in some way to achieve
their active form.

Example: The complement and coagulation cascades each consist of a chain
of zymogens.

Once activated, each zymogen cleaves and activates the next zymogen in
the sequence.
This mechanism allows large quantities of the complement and clotting
proteins to be present at sites where they might be needed.
Because the factors are inactive, there is little risk of excessive immune
response or thrombosis, respectively.
Because the factors are already synthesized and localized, the systems
may be mobilized extremely quickly when needed.

CHAPTER 3
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Trypsin is a digestive enzyme

that plays a major role in protein
degradation. Its activity is controlled
by the enzyme enterokinase (only
expressed in the small intestine),
which cleaves the zymogen
trypsinogen to active trypsin.
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Allos = other. An allosteric site is
one other than the active site.
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G, protein signaling involves the
cleavage of inositol phospholipids
(phosphatidyl inositol 4,5
bisphosphate = PIP.), which are
present in the plasma membrane
in smaller quantities than the four
major phospholipids listed in Table
3-16.
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Allosteric Regulation

An enzyme’s activity can be modified by the binding of a ligand to an allos-
teric site (a site distinct from the active site).

The modulator may increase or decrease the enzyme’s activity.

The modulator may be the reactant or product itself, or it may be a distinct
molecule.

In many cases, the product of a reaction binds to its enzyme at an allos-
teric site to decrease further formation. This is a common mechanism of

feedback inhibition.

. The Cell

CELLULAR ORGANELLES AND FUNCTION

The plasma membrane is composed of a lipid bilayer, which separates the
cytosol from the extracellular environment, maintains the structural integrity
of the cell, and serves as an impermeable barrier to water-soluble molecules
(see Figure 3-28). The lipid bilayer is a continuous double-sided membrane
that is a dynamic, fluid structure. The membrane’s fluidity allows movement
of molecules laterally within a single membrane and can be influenced by the
factors listed in Table 3-15.

There are two main functional groups within the lipid bilayer: lipid mole-
cules and membrane proteins.

Lipids
Membrane lipids fall into the following three classes:

1. Phospholipids: The most abundant lipid molecules. Phospholipids are
amphipathic, having both a hydrophilic (polar) head group and typically
two hydrophobic (nonpolar) tails (see Figure 3-28). This amphipathic
nature results in the spontaneous formation of a lipid bilayer when phos-
pholipids are placed in an aqueous environment. There are four major
phospholipids, arranged asymmetrically within the lipid bilayer (see Table

Polar head groups

g

Hydrophobic tails

FIGURE 3-28. Plasma membrane structure.
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TABLE 3-15. Factors that Affect Plasma Membrane Fluidity

INCREASE MEMBRANE FLUIDITY DecrReASE MEMBRANE FLUIDITY
T Temperature. | Temperature.
T Unsaturation of fatty acids (T no. of | Unsaturation of fatty acids ({ no. of double
double bonds). bonds).
| Cholesterol content. T Cholesterol content.

3-16). This asymmetry has many important functional consequences for
the cell and, if altered, can trigger inflammatory reactions in surrounding
cells.

2. Cholesterol: Decreases the fluidity of the membrane (see Table 3-15).

3. Glycolipids: Sugar-containing lipids found only on the outer membrane.

Proteins

The second major component of the lipid bilayer is proteins, which carry out
most membrane functions. The plasma membrane contains two main types
of proteins: peripheral membrane proteins and transmembrane proteins (see

Figure 3-28).

PERIPHERAL MIEMBRANE PROTEINS

Are hydrophilic only.

Bind to either the inner or outer membrane via noncovalent interactions
with other membrane proteins.

Do not extend into the hydrophobic interior of the membrane.

TRANSMEMBRANE PROTEINS

Are amphipathic (have both hydrophobic and hydrophilic regions).
Hydrophobic regions pass through the hydrophobic interior of the mem-
brane and interact with the hydrophobic tails of the lipid molecules.
Hydrophilic regions are exposed to water on both sides of the membrane.

Membrane proteins play many important roles in the plasma membrane,
including functioning in transport and as receptors and enzymes.

' KEY FACT
TRANSPORT PROTEINS

Transmembrane proteins that allow small polar molecules (that would oth-
erwise be inhibited by the hydrophobic interior of the plasma membrane) to
cross the lipid bilayer. There are two main classes of transport proteins (see
Figure 3-29):

Carrier proteins (transporters): Undergo conformational changes to  transport
move specific molecules across the membrane.

It requires energy to run uphill =
active transport

It's easy to run downhill = no
energy required for passive

TABLE 3-16. Membrane Location of the Four
Major Phospholipids

OuTER MEMBRANE INNER MEEMBRANE

Phosphatidylcholine Phosphatidylethanolamine

Sphingomyelin Phosphatidylserine
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FIGURE 3-29. Diagram of carrier proteins and channel proteins.

Channel proteins (ion channels): Form a narrow hydrophilic pore to
allow passage of small inorganic ions.

Transport across the membrane can either be active, in which the solute is
pumped “uphill” against its electrochemical gradient in an energy-dependent
manner, or passive, in which the transport of a solute is driven by its elec-
trochemical gradient “downhill” (see Figure 3-30). Active transport can be

Passive transport (downhill transport) Active transport (uphill transport)
. Electrochemical potential ) Electrochemical potential
High gradient of the substrate Low High gradient of the substrate | -

diffusion
Secondary
active transport

>< O Antiport
[] O
Facilitated / \
diffusion Q O O O
ATP Primary
active transport

ADP

Dwg{ []
Passive Q @) Q < (O Symport
O

FIGURE 3-30. Comparison of passive and active transport.
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driven either by ATP hydrolysis or by harnessing energy from the downbhill
flow of another solute. Transport via carrier proteins can be either active or
passive, whereas transport by channel proteins is always passive.

CARRIER PROTEINS (TRANSPORTERS)

There are three types of carrier proteins, most of which use active transport
mechanisms (see Figure 3-31):

Uniporters: Transport a single solute from one side of the membrane to
the other.
Symporters: Transport two solutes across the membrane in the same
direction.
Antiporters: Transport two solutes across the membrane in opposite
directions.

The most important carrier protein is the Na*-K* ATPase or Na*-K* pump,
which is found in the basolateral membrane of nearly all cells. The Na*-K*
pump is an antiporter that utilizes the energy released from ATP hydrolysis to
pump three Na* ions out of the cell and two K* ions into the cell with each
cycle (see Figure 3-32). The transport cycle depends on the phosphorylation
and dephosphorylation of the Na*-K* pump.

CHANNEL PROTEINS (IoN CHANNELS)

Form small, highly selective hydrophilic pores that allow the passive trans-
port of specific inorganic ions (primarily Na*, K*, Ca*, or CI") down their

Uniport
-
- -
a»
Outside Inside
Symport
@@
@
@ @
@
) a
® a»
Antiport
(@) (@)
@ \
—— &
a ()

FIGURE 3-31. Diagram of uniporters, symporters, and antiporters.
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The Na*-K* pump transports three
positive ions out of the cell and
only two positive ions into the cell,
resulting in the creating of a relative
negative charge inside the cell. This
electrical membrane potential
has many important functional
consequences for the cell.
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Ouabain and the cardiac
glycosides (digoxin and
digitoxin) both bind and inhibit
the Na*-K* ATPase by competing
for sites with on the extracellular
side of the pump. The binding of
these inhibitors results in increased
cardiac contractility (through a Ca2*-
dependent mechanism).

CLINICAL
CORRELATION

K’

The ABC transporter superfamily is

a clinically important class of carrier

proteins. This family includes:

= The multidrug resistance
(MDR) protein, which
harnesses the energy from ATP
hydrolysis to pump hydrophobic
drugs out of the cell. This
protein is overexpressed in
many human cancer cells,
conferring chemotherapeutic
drug resistance to these cells.

= The CF protein, which
harnesses the energy from ATP
hydrolysis to pump ClI~ ions
out of the cell. CF results from
a mutation in the CF gene on
chromosome 7, which encodes
the protein.
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FIGURE 3-32. The Na+-K+ pump transport cycle.

electrochemical gradients. Transport across ion channels (which do not need
to undergo a conformational change) is much faster than transport via carrier
proteins. lon channels are selectively opened and closed in response to differ-
ent stimuli, which determines the specific ion channel type (see Figure 3-33):

Voltage stimulus = voltage-gated ion channels
Mechanical stress stimulus = mechanical-gated ion channels
Ligand binding stimulus = ligand-gated ion channels

The activity of the majority of these channels is also regulated by protein phos-
phorylation and dephosphorylation.

The most common ion channels are the Kt leak channels, which are found
in the plasma membrane of almost all animal cells. K* leak channels are
open even when unstimulated or in a resting state, which makes the plasma
membrane much more permeable to K* than to other ions. This K*-selective
permeability plays a critical role in maintaining the membrane potential in
nearly all cells.

G-PrOTEIN CouPLED RECEPTORS

In addition to transporting small molecules, membrane proteins can also
function as receptors. G-protein coupled receptors, the most important class
of cell membrane receptors, are proteins that traverse the plasma membrane
seven times (seven-pass receptors). They are coupled to trimeric GTP-
binding proteins (G proteins), which are composed of three subunits: o, f3,
and y. The G proteins are found on the cytosolic face of the membrane and
serve as relay molecules. G-protein coupled receptors have extremely diverse
functions and respond to a vast array of stimuli. However, all G-protein cou-
pled receptor signaling is transduced via a similar mechanism (see Figure

3-33).

When the receptor is inactive, the o subunit (active subunit) of the G protein
is bound to GDP. When the receptor is stimulated, a change in conformation
causes the a subunit to exchange GDP for GTP, thereby releasing itself from
the By complex. Once released, it binds and activates target proteins. o Sub-
unit activity is short-lived, however, because the GTPase quickly hydrolyzes
GTP to GDP, resulting in its inactivation. The target proteins activated by the
o subunit vary, depending on which of the three main types of G protein is
involved.

Gs (stimulatory G protein) = T cAMP levels
Gi (inhibitory G protein) = L cAMP levels
Gq = activates phospholipase C (PLC)
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FIGURE 3-33. G-protein coupled receptor signaling.

G,- AND G-PROTEIN SIGNALING

Both the G, and G; proteins signal through the adenylyl cyclase pathway.
Adenylyl cyclase is a plasma-membrane-bound enzyme that synthesizes cyclic
AMP (cAMP) from ATP. Receptors coupled to G, result in the activation of
adenylyl cyclase and an increase in cAMP. Receptors coupled to G; result in
the inhibition of adenylyl cyclase and a decrease in cAMP.

Increased concentrations of cAMP (in the case of G)) results in the activa-
tion of cAMP-dependent protein kinase protein kinase A (PKA), which
phosphorylates certain intracellular protein targets to cause a specific cellu-

CHAPTER 3
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G, — T adenylyl cyclase — T cAMP
— T PKA activity
G, — | adenylyl cyclase — | cAMP
— | PKA activity
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Cholera toxin is an enzyme that
catalyzes ADP ribosylation of the
o, subunit. This blocks GTPase
activity so it is continuously bound
to GTP and therefore continuously
active. The resulting activation

of adenylyl cyclase causes large
effluxes of Na*™ and water into the
gut lumen, resulting in severe
diarrhea.
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Pertussis toxin is an enzyme that
catalyzes the ADP ribosylation
of the o; subunit, blocking its
dissociation from the By, complex
so it is unable to inhibit adenylyl
cyclase. Thus, adenylyl cyclase is
permanently activated resulting in
whooping cough.

' KEY FACT

Gy — T PLC activity — PIP, — IP5
+ DAG

IP; — T Ca* — T cAM-kinase
activity

DAG — T PKC activity

BIOCHEMISTRY

lar response. A protein phosphatase dephosphorylates the protein targets, thus
turning off their activity.

In Gp-protein signaling, the activated o subunit inhibits adenylyl cyclase,
resulting in decreased cAMP and decreased PKA activity. Although this does
elicit a cellular response, it is thought that the main effect of G, signaling is
the activation of K* ion channels via the By, complex, which allows K* to
flow into the cell.

GQ-PROTEIN SIGNALING

Occurs via the phospholipase C (PLC) pathway. Phospholipase C is a
plasma membrane-bound enzyme that, when activated, cleaves the inositol
phospholipid phosphatidylinositol 4,5 blsphosphate (PIP ), which is pres-
ent in the inner leaflet of the plasma membrane in small amounts (see discus-
sion of plasma membranes earlier under The Cell). This cleavage results in
the formation of inositol 1,4,5-triphosphate (IP;) and dlacylglycerol (DAG).
IP, causes Ca**release from the ER, which activates the Ca?*/calmodulin-
dependent protein kinase (or cAM-klnase) cAM-kinase then phosphorylates
certain intracellular proteins, resulting in a specific cellular response. DAG
activates protein kinase C (PKC) directly, which also phosphorylates cer-
tain intracellular proteins, resulting in a specific cellular response (see Figure

3-34).

. Connective Tissue

CLASSIFICATION

One of the four basic tissue types, connective tissue serves as the structural
support and internal framework of the body. There are many types of con-
nective tissue (i.e., bone, ligaments, tendons, cartilage, adipose tissue, and
aponeuroses), but they all contain the same basic structural components: few
cells and a large amount of extracellular matrix (ECM) that includes ground
substance and fibers. Adult connective tissue can be classified based on the
composition and function of each tissue type:

G protein-linked 2nd messengers

Receptor G protein class
G Lipids
Hy, ag, V4, q . HAVe 1 M&M.
My, Ms, Receptor ——> Phospholipase C l / Py —> T [Ca2+]in
PIP, \
DAG —> Protein
kinase C
B, [32 D‘ Receptor ATP
Hy, V X
NEC)
Adenylyl cyclase
%)
My, o, Dy, Receptor cAMP ——> Protein kinase A MAD 2s.

FIGURE 3-34.

G-protein coupled receptor summary.
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Composition

Loose connective tissue: Loosely arranged fibers, abundant cells, and
ground substance (i.e., lamina propria).

Dense irregular connective tissue: Irregularly arranged collagen fibers
and few cells (i.e., reticular layer of the dermis).

Dense regular connective tissue: Densely packed parallel fibers with few
cells packed in between (i.e., tendons, ligaments, aponeuroses).

Function

Structural: Forms capsules around organs or adipose tissue that fills the
spaces between organs.

Support: Hard connective tissue with fibrous components arranged in par-
allel arrays (i.e., bone, cartilage).

Nutrition.

Defense: The presence of phagocytic cells (i.e., macrophages) and immu-
nocompetent cells (i.e., plasma cells and eosinophils) in the ECM are part
of the body’s defense mechanism against foreign objects.

GROUND SUBSTANCE

Ground substance is a viscous, clear substance that occupies the space
between the cells and fibers within connective tissue. Ground substance con-
tains three main types of macromolecules:

Proteogylcans
Glycoproteins
Fibrous proteins

The fibrous proteins and glycoproteins are embedded in a proteoglycan gel,
where they form an extensive ECM that serves both structural and adhesive
functions.

Proteoglycans

Large macromolecules consisting of a core protein that is covalently attached
to approximately 100 glycosaminoglycan (GAGs) molecules and a linker
protein, which binds hyaluronic acid (HA) and strengthens its interaction
with the proteoglycan molecule (see Figure 3-35). Proteoglycans are very
large, highly negatively charged macromolecules that attract water into the
ground substance, giving it a gel-like consistency. This highly hydrated gel is
able to resist compressive forces while allowing diffusion of O, and nutrients
between the blood and tissue cells.

Glycosaminoglycans (GAGs)

Long polysaccharide chains composed of repeating disaccharide units. One
of the disaccharide units is always an amino sugar (N—acetylglucosamme or
N—acetylgalactosamme) which is most often sulfated (SO,%). The second
sugar is usually an uronic acid (glucuronic or iduronic). GAGs are the most
negatively charged molecules produced by animal cells because of the sulfate
and carboxyl groups present on most of their sugars. These highly negatively
charged molecules are essential for maintaining the high water content pres-
ent in ground substance. Five types of GAGs are found in the human body
(see Table 3-17).

CHAPTER 3




GRS GCI BIOCHEMISTRY

Hyaluronic acid
Link protein

Keratan sulfate

g,
ML

g
"

Subunits

ASH
ORWARD

Alport syndrome results from a
mutation in the o5 chain of type
IV collagen, which destroys the
ability of the glomerular basement FIGURE 3-35. Proteoglycan structure.
membrane to properly filter blood

in the kidney. Patients with Alport's

syndrome suffer from kidney Glycoproteins

failure, nerve deafness, and
ocular disorders (all places where
the a5 chain of type IV collagen are
found.)

Large, multidomain proteins that help organize the ECM and attach it to sur-
rounding cells. There are two main glycoproteins: fibronectin and laminin,
both of which are present in the basal lamina of cells.

BAsAL LAMINA (BASEMENT MIEMBRANE)

Specialized ECM that underlies all epithelial cells and surrounds individual
muscle, fat, and Schwann cells. It separates the cells from the underlying con-

- nective tissue, serves as a filter in the renal glomerulus, and functions as a
»m _ scaffold during tissue regeneration/wound healing. The basal lamina is syn-

thesized by the cells that rest on it and contains the following elements:

Bullous pemphigoid is an
autoimmune disorder in which
an IgG antibody against the
epidermal basement membrane
is produced resulting in destruction
of the basement membrane and
subepidermal bullae.

Fibronectin
Laminin
Heparan sulfate
Type IV collagen

TABLE 3-17. Glycosaminoglycans

GAG LocATioN

Hyaluronic acid Most connective tissues binds to the link protein of many

proteoglycans to form proteoglycan aggregates.

Chondroitin sulfate Cartilage and bone; heart valves.
Keratan sulfate Cartilage, bone, cornea, and intervertebral disk.
Dermatan sulfate Dermis of skin, blood vessels, and heart valves.

Heparan sulfate Basal lamina, lung, and liver.
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FIBRONECTIN

A dimer composed of two large subunits bound together by disulfide bridges
that each contain domains specialized for binding a specific molecule (i.e.,
integrins, collagen, or heparan) or cells. Fibronectin helps cells attach to the
extracellular matrix via its different binding domains.

LAMININ
Composed of three long polypeptide chains (o, B, y) arranged in the shape

of an asymmetric cross. Individual laminin molecules self-assemble and form
extensive networks that bind to type IV collagen and form the major structural
framework of basement membranes. Laminin also contains many functional
domains that bind other ECM components and cell surface receptors, thus
linking cells with the ECM.

Fibers are present in varying amounts based on the structural and functional
needs of the connective tissue type. All fibers are produced by fibroblasts
present in the connective tissue and are composed of long peptide chains.
There are three types of connective tissue fibers:

Collagen fibers
Reticular fibers
Elastic fibers

Collagen Fibers

Composed of collagen, the most abundant protein in the human body. Col-
lagen fibers are flexible and provide high tensile strength to tissues. Collagen
consists of three polypeptide chains (o chains) wound around each other to
form a long, stiff triple helical structure (see Figure 3-36). Collagen is glycine
and proline rich, with glycine present every third amino acid. The repeating
amino acid sequence found in collagen is thus gly-X-Y, in which X and Y can
be any amino acid (but X is commonly proline and Y is commonly hydroxy-
proline). This sequence is absolutely critical for triple-helix formation.

The o chains in each collagen molecule are not the same. They range in
size from 600 to 3000 amino acids. At present, at least 42 types of a chains
encoded by different genes have been identified, and 27 different types of
collagen have been categorized based on their distinct o chain composi-
tions. Depending on the specific type of collagen molecule, it may consist of
three identical o chains (homotrimeric) or consist of two or three genetically

Amino acid

soquence GV —X—Y—Gly —X—Y—Gly —X—Y—

2° structure

Triple helix

FIGURE 3-36. Structure of a collagen molecule. (Modified, with permission, from Mur-
ray RK, Granner DK, Rodwell VW. Harper’s lllustrated Biochemistry, 27th ed. New York, NY:
McGraw-Hill; 2006: 39.)
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Collagen amino acid sequence =
Gly-X-Y

fa) mnwonic

Type I: BONE

Type Il: carTWOlage

Type IV: Under the floor (basement
membrane)
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During wound healing, type

111 collagen is laid down first in
granulation tissue. As healing
progresses, fibroblasts secrete type
I collagen, which eventually
replaces type IlI collagen in late
wound repair.
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TABLE 3-18. Collagen Types, Composition, and Location

TyPE ComMPOSITION? LocCATION

| [T (D], o2(T) Most abundant (90%).
Bone, tendon, skin, dentin, fascia, cornea, late

wound repair.

Il [o1(ID]5 Cartilage, vitreous body, nucleus pulposus.
1l (Reticulin) [o1(1D]5 Skin, blood vessels, uterus, fetal tissue, granulation
tissue.
1\ [T (IV)],, Basal lamina (basement membrane); kidney,
[e2(1V)] glomeruli, lens capsule.
X [o1(X)]5 Epiphyseal plate.

aThe Roman numerals simply indicate the chronological order of discovery and that each a
chain has a unique structure that differs from the o chains with different numerals.

' KEY FACT distinct o chains (heterotrimeric). The most important collagen types are
described in Table 3-18.

Wound healing: Type Il — COLLAGEN SYNTHESIS

Type l

Three: owie (just scraped your Connective tissue cells or fibroblasts produce the majority of the collagen
knee). fibers. The biosynthesis process involves a series of both intra- and extracel-
One: it's all done. lular events (see Figure 3-37).

INTRACELLULAR EVENTS

Uptake of amino acids (proline, lysine, etc.) by endocytosis.

Formation of o chains (preprocollagen) mRNA in nucleus.

Nuclear export of preprocollagen mRNA followed by entry into the rough
ER (RER).

Synthesis of preprocollagen o chains with registration sequences by ribo-
somes within the RER.

Hydroxylation of proline and lysine within the RER catalyzed by peptidyl
proline hydroxylase and peptidyl lysine hydroxylase. This step requires vita-
min C.

Glycosylation of hydroxylysine residues within the RER.

Formation of o chain triple helix (procollagen) within the RER.

Addition of carbohydrates within the Golgi network.

Packaging into vesicles and movement to the plasma membrane.
Exocytosis of procollagen.

EXTRACELLULAR EVENTS

Cleavage of registration sequences of procollagen to form tropocollagen by
procollagen peptidases.

Self-assembly of tropocollagen into fibrils.

Cross-linking of adjacent tropocollagen molecules catalyzed by lysyl
oxidase.

CLINICAL CONSIDERATIONS

Many disorders are associated with defects in collagen synthesis:
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FIGURE 3-37. Collagen synthesis. (Modified, with permission, from Brunicardi FC, An-
dersen DK, Billiar TR, et al. Schwartz’s Principles of Surgery, Sth ed.New York: McGraw-Hill,
2007: 227.)

Scurvy

Vitamin C deficiency resulting in the inability to hydroxylate proline and
lysine residues in o-chain polypeptides of collagen molecules (Step 5 above).
This results in weakening of the capillaries and the following complications:
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Defect in collagen synthesis

Collagen has three polypeptide
chains that form a triple helix.
Chains are made up of glycine-
XY repeats.

Point mutation in glycine
prevents the formation of a triple
helix.

BIOCHEMISTRY

Ulceration of gums.

Tissue hemorrhage.

Anemia.

Poor wound healing.

Loose teeth (due to loss of periodontal ligaments).
Impaired bone formation (in infants).

OsTEOGENESIS IMPERFECTA (Ol)

Primarily an autosomal dominant disorder caused by a variety of gene
defects leading to either less collagen or less functional collagen than nor-
mal (with the same amount of Collagen present). Both conditions result in
weak or brittle bones. The incidence is approximately 1:10,000 individuals.
There are four types of OI, each with a range of symptoms. Type II is fatal in
utero or in the neonatal period. The most common characteristics are:

Multiple fractures with minimal trauma (may occur during the birthing
process and is often confused with child abuse).

Blue sclerae (due to the translucency of the connective tissue over the
choroids).

Hearing loss (abnormal middle ear bones).

Dental Imperfections (due to lack of dentition).

EHLERS-DANLOS SYNDROME

Group of rare genetic disorders resulting in defective collagen synthesis.
There are over 10 types with the disease severity ranging from mild to life-
threatening, depending on the specific mutation. The most common symp-
toms are:

Hyperextensible skin.
Bleeding tendency (easy bruising), associated with berry aneurysms.
Hypermobile joints.

Reticular Fibers

Type III collagen fibrils arranged in a mesh-like pattern provide a support-
ing framework for cells in various tissues and organs. Reticular fibers contain
a higher content of sugar groups (6%-12% compared with 1% in collagen
fibers) and are easily identified by the periodic acid-Schiff (PAS) stain. They
are also recognized with silver stains and are thus termed argyrophilic (silver
loving) (see Figure 3-38). Networks of reticular fibers are found in loose con-
nective tissue in the space between the epithelia and connective tissue, as well
as around adipocytes, small blood vessels, nerves, and muscle cells. Reticular
fibers are also found in the stroma of hemopoietic, lymphatic, and endocrine
tissues.

Elastic Fibers

Allow tissues to stretch and distend. Elastic fibers are found in skin, vertebral
ligaments (ligamenta flava of the vertebral column and ligamentum nuchae
of the neck), the vocal folds of the larynx, and elastic arteries.

Elastic fibers consist of two structural components: elastin and surrounding

fibrillin microfibrils.

ELASTIN

Highly hydrophobic protein that, like collagen, is rich in proline and glycine.
However, unlike collagen, elastin is poor in hydroxyproline and lacks hydroxy-
lysine. The glycine molecules are randomly distributed allowing for random
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FIGURE 3-38. Reticular fibers (silver stain). (Reproduced, with permission, from Licht-
man MA, Beutler E, Kipps T7, et al. Williams Hematology, 7th ed. New York: McGraw-Hill,
2007: Plate XIV-12.)

coiling of its fibers Elastin is produced by fibroblasts and smooth muscle cells,
and its synthesis parallels collagen production. In fact, both processes can
occur simultaneously within the same cell. Elastin synthesis entails two main
steps:

1. Secretion of tropoelastin (elastin precursor).

2. Cross-linking of tropoelastin molecules via their two unique amino acids
desmosine and isodesmosine to form extensive networks of elastin fibers
and sheets.

Single elastin polypeptides adopt a loose “random coil” conformation when
relaxed. When individual elastin proteins are cross-linked into an elastic fiber
network, their collective random coil properties allow the network to stretch
and recoil like a rubber band.

FIBRILLIN-I

Glycoprotein that forms fine microfibrils. Fibrillin microfibrils are formed first
during elastic fiber genesis; elastin is then deposited on to the surface of the
microfibrils. Elastin-associated fibrillin microfibrils play a major role in orga-
nizing elastin into fibers.

CLINICAL CONSIDERATION—IVIARFAN’'S SYNDROME

Relatively common (1:3-5000) autosomal dominant connective tissue dis-
order caused by a mutation in the fibrillin gene (FBNI). Individuals with
Marfan’s syndrome have an absence of elastin-associated fibrillin microfibrils,
resulting in the formation of abnormal elastic tissue. The severity of the dis-
ease varies; affected individuals may die young or live essentially normal lives.
Common symptoms include:

Bone elongation (tall individuals with long, thin limbs).

Spider-like fingers (arachnodactyly).

Hypermobile joints.

Lens dislocation (glaucoma and retinal detachment also common).
Cardiac abnormalities (mitral valve prolapse is very common).

Aortic rupture—most common cause of death (due to loss of elastic
fibers in tunica media).

CHAPTER 3
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Two different cell populations are found within connective tissue:

Resident cells
Transient cells

Resident Cells

Relatively stable, permanent residents of connective tissue. These cells remain
in the connective tissue and include:

Fibroblasts and myofibroblasts (primary cells involved in collagen and
ground substance secretion).

Macrophages (arise from migrating monocytes).

Adipose cells.

Mast cells (arise from stem cells in the bone marrow).

Mesenchymal cells.

Transient Cells

Wandering cells that have migrated into the connective tissue from the blood
in response to specific stimuli (usually during inflammation). This population
is not normally found in connective tissue and is composed of cells involved
in the immune response:

Lymphocytes
Plasma cells
Neutrophils
Fosinophils
Basophils
Monocytes

. Homeostasis and Metabolism

Various processes contribute to the maintenance of the living cell’s needs for
energy, structure, and waste removal. These systems are intricate and interde-
pendent, as summarized in Figure 3-39.

Metabolism converts four classes of substrate into energy or other usable prod-
ucts. These substrates include:

Carbohydrates

Lipids and fatty acids
Proteins and amino acids
Nucleotides

CARBOHYDRATE METABOLISM

A process by which carbohydrates are broken down into water and carbon
dioxide, accompanied by the generation of energy, mainly in the form of ade-
nosine trlphosphate (ATP). The overall reaction is very simple.

C¢H ;04 + 90, = 6H,0 + 6CO,
However, the process is complicated by its relation to other metabolic cycles,

namely, the fatty acid cycle, the urea cycle, Kreb’s cycle (TCA cycle), and the
HMP shunt.
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FIGURE 3-39. Metabolic pathways. (1) Galactokinase (mild galactosemia); (2) Galactose-1-phosphate uridyltransferase; (severe ga-
lactosemia); (3) Hexokinase/glucokinase; (4) Glucose-6-phosphatase (von Gierke’s); (5) Glucose-6-phosphate dehydrogenase (G6PD); (6)
Transketolase; (7) Phosphofructokinase; (8) Fructose-1,6-bisphosphatase; (9) Fructokinase (essential fructosuria); (10) Aldolase B (fructose
intolerance); (11) Pyruvate kinase; (12) Pyruvate dehydrogenase; (13) HMG-CoA reductase; (14) Pyruvate carboxylase; (15) PEP car-
boxykinase; (16) Citrate synthase; (17) a-ketoglutarate dehydrogenase; (18) Ornithine transcarbamylase.

Intake and Absorption

Digestion of carbohydrates begins in the mouth and ends in the small
intestine with absorption of the breakdown products. Polysaccharides
(starch) and oligosaccharides (sucrose and lactose) are converted into
disaccharides and monosaccharides.

The monosaccharides are absorbed via transporters and carried to the liver
through the portal vein.

Ultimately, these are oxidized, stored as glycogen, transformed to fat (trig-
lycerides), or transported as glucose via the circulation.
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A kinase is an enzyme that
phosphorylates a substrate.

' KEY FACT

G6PD is the most common
glycolytic deficiency (90% of all
cases) and leads to hemolytic
anemia.

Pyruvate kinase deficiency is the
second most common deficiency
(9% of all cases) and leads to
hemolysis.
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Glycolysis
FuncTtioN

Initial step in the metabolism of glucose to produce energy for the cell.

Locarion

Cytoplasm of all cells that utilize glucose.

REACTANTS

One molecule glucose.

Probucrts
Two molecules pyruvate, two ATP, two NADH.

CycLe
See Figure 3-40.

REGuLATION

Phosphorylation of glucose to glucose-6-phosphate blocks its ability to diffuse
across the cell membrane, trapping it within the cell. Two kinases in the cyto-
sol are involved. The process consumes one molecule of ATP per molecule of
glucose phosphorylated.

Hexokinase: Ubiquitous, nonspecific (phosphorylates many different six
carbon sugars), low K_ (easily saturable), feedback inhibited by glucose-6-
phosphate.

Glucokinase: Mainly in the liver, very specific for glucose, high K (not
easily saturable), feedback inhibited by fructose-6-phosphate (the product
of the subsequent step in glycolysis).

Pyruvate dehydrogenase: Converts pyruvate to acetyl-CoA, which enters
the Kreb’s cycle, an irreversible and important regulatory step.

m

PATHOPHYSIOLOGY

Deficiencies of any of the glycolytic enzymes can lead to episodes of hemoly-
sis because red blood cells (RBCs) depend solely on glycolysis for their energy
needs. These deficiencies are exacerbated by certain drugs (sulfa drugs, anti-
malarial agents). The most common such disorder is glucose-6-phosphate
dehydrogenase (G6PD) deficiency. Its role is illustrated in Figures 3-41 and
3-42.

GO6PD deficiency is especially prominent in the African-American commu-
nity, although variants are also seen in Mediterranean and Asian populations.
It is an X-linked recessive disorder; the defective allele is carried by 10% of
American blacks. The disease manifests in a milder fashion in women than
in men. The RBC is protected from oxidative stress by glutathione (GSH).
Since the regeneration of GSH is dependent on NADPH production and
thus the HMP shunt, G6PD leads to denaturation of hemoglobin, resultlng
in the formation of Heinz bodies in the RBCs affected individuals. Favism is a
similar condition seen in individuals of Mediterranean origin. GO6PD is exac-
erbated by consumption of fava beans (common in Mediterranean diets), usu-
ally within 24-48 hours after consumption. Other characteristics of glycolytic
enzyme deficiencies are summarized in Table 3-19.
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FIGURE 3-40.

Glycolysis. (Modified, with permission, from Lichtman MA, Beutler E,

Kipps TJ, et al. William Hematology, 7th ed. New York: McGraw-Hill, 2006: 605.)
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FIGURE 3-41.
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Role of glucose-6-phosphate dehydrogenase.
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Ribulose-5P

Fructose-6P
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A
Phosphoenolpyruvate (PEP)

Pyruvate
Kinase

Pyruvate

FIGURE 3-42. Glycolysis flow chart highlighting deficiencies and diseases.

Kreb's (TCA) Cycle

Funcrion

Production of high-energy electron carriers for ATP generation in the mito-
chondria; completes metabolism of glucose (final common pathway).
Locarion

Mitochondria.

TABLE 3-19. Enzyme Deficiencies in Glycolysis

PYRUVATE DEHYDROGENASE
GrycoryTic ENzYME DEFICIENCY DEFICIENCY

Affected cells RBCs (no mitochondria depend All cells with mitochondria.
solely on glycolysis).

Clinical Hemolytic anemia. Neurologic defects.
symptoms
Treatment Avoid fava beans, sulfa drugs such Increase intake of ketogenic

as sulfamethoxazole, anti-malarials nutrients (fat, amino acids lycine
and similar drugs that induce and leucine).
oxidative stress (doxorubicin).
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Pyruvate
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Pyruvate <--1 ©Acetyl-CoA
dehydrogenase ©NADH
Acetyl-CoA OATP
N
Oxalo-"  Giyate  Citrate
NADH acetate synthase
\/ cis-aconltate
Malate
Isocnrate CO,+ NADH
Fumarate Isocitrate @ ATP
FADH dehydrogenase | ( _ @ NADH
2
o- ketoglutarate
oKG CO, + NADH
arp Succinate dehydrogenase
! © Succinyl-CoA
CoA gz‘j\c'”y' {@ NADH
© ATP
FIGURE 3-43. Kreb's (TCA) cycle.

REACTANTS

Pyruvate is chief substrate. Proteins and fats enter the cycle after being con-
verted to acetyl-CoA.

Probucrs

Three NADH, one FADH,, two CO,, and one GTP. This is equivalent to 12
ATP per acetyl-CoA.

CycLE

Summarized in Figure 3-43.

REGuLATION

The cycle is controlled at three major steps:
Acetyl-CoA + OAA — citrate, catalyzed by citrate synthase (allosterically
inhibited by ATP).
[socitrate — o-ketoglutarate, controlled by isocitrate dehydrogenase (acti-
vated by ADP and inhibited by ATP and NADH).

o-Ketoglutarate — succinyl-CoA, controlled by o-ketoglutarate dehydro-
genase (inhibited by succinyl-CoA and NADH).

Electron Transport Chain and Oxidative Phosphorylation
Funcrion
High-energy electrons from NADH and FADH, are transduced to ATP.

Locarion
Mitochondria.

REACTANTS

High-energy electrons from NADH and FADH,, O,. Since NADH and
FADH, cannot physically cross the mitochondrlaf membrane the electrons
are shuttled into mitochondria by organ-specific shuttles.

Glycerol phosphate shuttle — ubiquitous; transfers NADH electrons to
mitochondrial FADH,.

Malate-aspartate shuttle — found in muscle, liver, and heart; transfers
NADH electrons to mitochondrial NADH.
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Probucrts
ATP and H,0.

CycLE

Summarized in Figure 3-44.

Pentose Phosphate Pathway (HMP Shunt)
Funcrion

Shunts glucose-6-phosphate to form ribulose-5-phosphate for nucleotide

synthesis. Generates NADPH as a reducing equivalent for GSH/GSSG (the
premier antioxidant system in the cell) and NADPH for steroid and fatty acid
biosynthesis.

Locarion

Cytoplasm of all cells.

REACTANTS

Glucose-6-phosphate.

Probpucrs

NADPH, which is used in steroid and fatty acid biosynthesis and regeneration
of GSH in the GSH/GSSG antioxidant system. Ribose-5-phosphate, CO,.

CycLE

Summarized in Figures 3-45 and 3-46.

REGuLATION

The reaction consists of two parts:

The first irreversible step is catalyzed by G6PD to produce NADPH from
glucose-6-phosphate (this step is oxidative).

The second, reversible, step isomerizes the sugars so they can re-enter gly-
colysis. This step is nonoxidative.

PATHOPHYSIOLOGY

GO6PD deficiency has a high prevalence among African-Americans.

Fructose Metabolism
Funcrion

Converts dietary fructose into a substrate for glycolysis.

ADP + P; ATP + H,O
NADH NAD* 1/202 H20 Mitochondrial
Oligomycin ~ matrix

‘ . Inner mitochondrial
membrane

Complexl Complex IlI Complex IV Complex V Intramembranous
2, 4- Dlnltrophenol V y | space

H H+ H* H+ H+

S| I I 4

FIGURE 3-44. Electron transport chain and oxidative phosphorylation.
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FIGURE 3-45. Pentose phosphate pathway (HMP shunt).

Locarion
Muscle, kidney, and liver.

REACTANTS
Fructose and ATP.

Probucrs
Glyceraldehyde-3 phosphate.

CycLe
See Figure 3-47.

Dietary sucrose is broken down by sucrase in the small intestine to fructose
and glucose.

Fructose is phosphorylated by hexokinase to fructose-6-phoshate in muscle
and kidney.

In the liver, fructose is converted to fructose-1-phosphate by fructokinase.
Fructose-1-phosphate aldolase converts fructose-1-phosphate to dihydroxy-
acetone phosphate (DHAP) and glyceraldehyde. DHAP can be combined
with glyceraldehyde and converted to glyceraldehyde-3-phosphate, which
can enter glycolysis.

NADPH + H* G—S—S—G

GLUTATHIONE
REDUCTASE

GLUTATHIONE
PEROXIDASE

oH NADP* 2G— SH H,0,

FIGURE 3-46. Pentose phosphate pathway (HMP shunt). (Modified, with permission,
from Murray RK, Granner DK, Rodwell VW, Harper’s Illustrated Biochemistry, 27th ed, New
York: McGraw-Hill, 2006: 181.)
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FIGURE 3-47. Fructose metabolism in the liver.

PATHOPHYSIOLOGY

Deficiencies in fructokinase are benign, leading to fructosuria (essential
fructosuria).

Fructose-1-phosphate aldolase deficiency leads to hereditary fructose
intolerance, characterized by severe hypoglycemia upon sucrose or fruc-
tose ingestion).

Galactose Metabolism
Funcrion

Converts dietary galactose (from lactose) to a form that can enter glycolysis.

Locarion

Kidney, liver, and brain.

REACTANTS
Galactose and ATP.

Probucrs
Glucose-1-phosphate.

CycLE
See Figure 3-48.

Dietary lactose is broken down in the small intestine by lactase to galac-
tose and glucose.

Galactose is phosphorylated by galactokinase to galactose-1-phosphate.
Galactose-1-phosphate is converted by galactose-1-phosphate uridyl trans-
ferase to glucose-1-phosphate.

Galactokinase Uridyl transferase
Galactose ——— > Galactose-1-P y Glucose-1-P
ADP UDP-Glu  UDP-Gal
Aldose
reductase
4-epimerase
Galactitol Glycolysis/

gluconeogenesis

FIGURE 3-48. Galactose metabolism.
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PATHOPHYSIOLOGY

Deficiencies in galactokinase lead to galactosemia and early cataract
formation.

Deficiencies in galactose-1-phosphate uridyl transferase lead to severe
galactosemia with growth and mental retardation and possibly early death.

Anaerobic Metabolism and Cori’s Cycle
Funcrion

Shuttles lactate from muscle into the liver, allowing muscle to function anaer-
obically when energy requirements exceed oxygen consumption.

Locarion

Muscle and liver.

REACTANTS

Anaerobic metabolism uses glucose. The Cori cycle begins with lactate and
consumes six ATP.

Probpucrs

Anaerobic metabolism produces two net ATP and two pyruvate per glucose
molecule. Lactate is converted to glucose in the Cori cycle.

CycLe
See Figure 3-49.

Gluconeogenesis
Funcrion

Generates glucose from glycolysis, fatty acid, or TCA (Kreb’s) cycle interme-
diates.

Locarion

Cytoplasm and mitochondria of kidney, liver, and intestinal epithelium.

REACTANTS

Pyruvate.

Muscle Liver

Glucose < Glucose

2ATP ~— B 6ATP
Pyruvate L Pyruvate

(0}
Lactate (o) Lactate
dehydrogenase D dehydrogenase

Lactate Lactate

FIGURE 3-49. Cori cycle. Transfers excess reducing equivalents from RBCs and muscle to
liver, allowing muscle to function anaerobically (net 2 ATP).
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Probucrts

Glucose.

CycLe
See Figure 3-50.
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FIGURE 3-50. Gluconeogenesis. (Modified, with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated Bio-
chemistry, 27th ed. New York: McGraw-Hill, 2006: 168.)
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REGuLATION

Although some of the steps in glycolysis and the TCA cycle are irreversible,
they can be bypassed by the use of ATP or GTP and four enzymes, found only
in the kidney, liver, and intestinal epithelium.

Pyruvate carboxylase converts pyruvate — oxaloacetate (OAA).

PEP (phosphoenolpyruvate) carboxykinase converts OAA — PEP.
Fructose-1,6-bisphosphatase converts fructose-1,6-bisphoshate — fructose-
6-phosphate.

Glucose-6-phosphatase converts glucose-6-phosphatase — glucose.

Glycogen Metabolism
Funcrion

Helps maintain glucose homeostasis by forming (glycogenesis) or breaking
down (glycogenolysis) glycogen. Crucial for the storage of energy derived
from carbohydrate metabolism.

Locarion

Glycogenesis—liver and muscle. Glycogenolysis—heart, liver, and muscle.

REACTANTS

Glucose/glycogen.

Probucrs
Glycogen/glucose.

GLYCOGENESIS

Glucose is catabolized to glycogen, its insoluble storage form. Mainly stored
in the liver and muscle tissue.

1 2
Glucose — uridine diphosphate-glucose — chains with 1-4 linkages — com-
plex with 1-6 linkages (ultimate storage form)

1. glycogen synthase
2. aminotransglycosylase

GLYCOGENOLYSIS

Release of glucose from glycogen stores.

1 2
Glycogen — glucose-1-phosphate — glucose-6-phosphate

1. phosphorylase
2. phosphoglucomutase

REGuLATION

These opposing processes are regulated by the hormones insulin and gluca-
gon. Insulin promotes the removal of glucose from the bloodstream, thereby
increasing glycogenesis and decreasing glycogenolysis. Glucagon does the
opposite.

CHAPTER 3
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TABLE 3-20. Glycogen Storage Diseases

TypE DiSeASE ENzYME TisSUE CLINICAL FEATURES
1 Von Glucose-6- Liver and kidney.  Severe fasting hypoglycemia.
Gierke's phosphatase. Lactic acidosis.
disease Hepatomegaly (100%).

Short stature (90%).
Delayed puberty.
Bleeding diathesis (especially epistaxis).

Hepatic adenomas (75%), renal failure and gout in 20s and 30s.

|| Pompe's o-1,4-glucosidase (acid  All organs Progressive muscle weakness.
disease maltase). (enzyme is in Breathing and feeding difficulties.
lysosomes). Hyporeflexia or areflexia due to glycogen accumulation in spinal

motor neurons.
Cardiomegaly leading to congestive heart failure and death
before the age of 2.

1] Cori's Debranching enzyme Muscle and liver.  Similar to type I without lactic acidosis.
disease (a-1,6-glucosidase). Hypoglycemia.
Hepatomegaly.

Delayed (ultimately normal) growth.

Symptoms, including hepatomegaly, usually regress in adulthood.

'} McArdle's  Myophosphorylase. Muscle. Muscle weakness and cramps after exercise.

disease Myoglobinuria (burgundy urine) after exercise.

PATHOPHYSIOLOGY

There are 12 types of glycogen storage diseases. All result in abnormal gly-
cogen metabolism and an accumulation of glycogen within cells. See Table
3-20 for the most common types and Table 3-21 for a summary of the meta-
bolic cycles and pathways.

Urea Cycle
Funcrion

"W Excretion of NH,* from amino acid metabolism; accounts for 90% of nitro-

gen in urine.

Urea cycle—-
o Locartion
Oridinarily, Careless Crappers Are Also ] )
Frivolous About Urination: Mitochondria and cytoplasm.
Ornithine
Carbamoyl phosphate Reactants
Citruline COZ and NH4+.
Aspartate
Argininosuccinate ProbDUCTS
Fumarate
Fumarate Urea and fumarate (fumarate enters the TCA).
Arginine
Urea CycLE

See Figure 3-51.




TABLE 3-21.

CYCLE/PATHWAY

Summary of Metabolic Cycles and Pathways

FUNCTION

BIOCHEMISTRY

LocATiON

REACTANTS

CHAPTER 3

ProDUCTS

Glycolysis

Break down of sugars for Kreb's
cycle.

Cytoplasm of cells
that use glucose.

Glucose.

2 Pyruvate, 2 ATP
and 2 NADH.

Kreb's cycle/ TCA cycle  Production of high-energy Mitochondria. Pyruvate (alternatively, 3 NADH, 1 FADH,,
electron carriers for the ATP fats and proteins after 2 CO,, 1 GTP. All
generation mitochondria. conversion to acetyl- equivalent to 12

CoA). ATP per acetyl-
CoA.

Electron transport Transduction of high-energy e- Mitochondria. NADH, FADH, and O, ATP and H,0.

chain/oxidative from NADH and FADH, to ATP. as the final electron

phosphorylation acceptor.

Pentose phosphate 1. Shunts glucose-6-phosphate Cytoplasm. Glucose-6-phosphate. Ribulose-5-

pathway (Hexose to form ribulose-5—for phosphate,

monophosphate
shunt)

nucleotide synthesis.

2. Generation of NADPH for:
Regeneration of GSH in
the GSH/GSSG antioxidant
system vi.

Steroid and fatty acid
biosynthesis.

NADPH, and CO,,.

Fructose pathway Converts fructose to substrate for ~ Muscle, kidney, and Fructose. Glyceraldehyde-3-
glycolysis. liver. phosphate.
Galactose pathway Converts galactose to substrate Kidney, liver and Galactose and ATP.
for glycolysis. brain.
Cori's cycle/anaerobic Cori's cycle shuttles lactate from Shuttles lactate from Lactate and 6 ATP. Glucose.
metabolism anaerobic metabolism in muscle  muscle to liver.
to liver.
Gluconeogenesis Generates glucose from glycolysis  Cytoplasm and All substrates end Glucose.

intermediates, fatty acid or Kreb's

cycle.

mitochondria of

kidney and liver,

interstitial epithelium.

up as pyruvate/

phosphoenolpyruvate —

converted to glucose.

Glycogen metabolism

Maintains glucose homeostasis.

Glycogenesis
(muscle and liver),
glycogenolysis (heart,
muscle, and liver).

Glycogen/ glucose.

Glycogen/glucose.

Urea cycle

Excretion of NH,* from amino
acid metabolism.

Partly in the
mitochondria
and partly in the
cytoplasm.

CO, and NH,*.

Urea and
fumarate (enters
TCA).
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Aspartic ACID and Glutamic ACID
are the acidic amino acids.

' KEY FACT

All acidic and basic amino acids are
polar, but not all polar amino acids
are acidic or basic.

BIOCHEMISTRY
CO, + NH,*

Carbamoyl
phosphate
Mitochondria

]Citrulline Aspartate

(Liver) T
Cytoplasm  Qrnithine Argininosuccinate
Urea’\\ /Z
H,O TArginine Fumarate
FIGURE 3-51. Urea cycle.
. Amino Acids
AMINO ACID METABOLISM

Metabolism is a key process in the human body as it provides the energy
required to maintain the body’s organization. Metabolism utilizes various
chemical reactions to extract energy and building blocks from food. Amino
acids are extensively used in the synthesis of new proteins (e.g., enzymes, hor-
mones, growth factors) and can also be used as an energy source.

AMINO ACID STRUCTURE

Amino acids consist of a carboxylic acid, an amine group, and a characteristic
functional side group (see Figure 3-52).

Acidic Amino Acids

Aspartic acid and glutamic acid contain an additional carboxylic acid group
and are negatively charged at physiologic pH (7.4).

Basic Amino Acids

Arginine, lysine, and histidine are polar and very hydrophilic. At physiologic
pH (7.4), arginine and lysine are positively charged, whereas histidine has no

Acipbic Basic
T 1 T
H N o N N N N
) 0 .0 A (¢] A C
H | o HN* —clz—cfo H2N+-(I3-C:/O HN*-C-C{ HN"-C-0L HN*-C-C!
N—C—C CH, CH, cH, © cH, © CH,
H” | OH -o’C‘\o CH, CH, CH, NH
1 I
R Gy CH, ?Hz N
. . J o CH, NH
Amino R  Carboxylic NH,* JI—
group  group acid group AH :
2
Aspartic acid Gilutamic acid Lysine Arginine Histidine
(Asp) (Glu) (Lys) (Arg) (His)

FIGURE 3-52. Amino acid structure. An amino acid consists of three main groups (1) an
amine group, (2) a functional side group, and (3) a carboxylic acid group. At physiologic pH,
acidic amino acids are negatively charged, whereas basic amino acids, with the exception of the
histidine, have a net positive charge.
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net charge. Arginine is the most basic amino acid and is found in high con-
centrations along with lysine bound to negatively charged DNA in histones,
the major component of chromatin.

THE AMINO ACID POOL

Amino acids are continually being used to synthesize proteins, and proteins
are continually being broken down into amino acids. This dynamic pool of
amino acids is in equilibrium with tissue protein (see Figure 3-53).

Replenishment
Takes place through:

De novo synthesis
Dietary supply
Protein degradation

Depletion
Occurs through:

Protein synthesis

Oxidation of excess amino acids
Any amino acid not immediately used must be converted to glycogen or fat
stores, as protein cannot be stored.

ESSENTIAL AMINO ACIDS

Of the 20 amino acids in the body, 10 cannot be synthesized de novo in
adequate amounts and must be consumed in the diet. These essential amino
acids include:

Phenylalanine (Phe)
Valine (Val)
Tryptophan (Trp)
Threonine (Thr)
[soleucine (Ile)
Methionine (Met)
Histidine (His)
Arginine (Arg)
Leucine (Leu)
Lysine (Lys)

Body protein

Protein Protein
breakdown : : synthesis
Amino acid
Pool

Dietary Excess amino
intake acid oxidation

De novo

synthesis

FIGURE 3-53. Amino acid pool. Amino acids are taken in through the diet, recycled
through the breakdown and synthesis of protein, and then removed by oxidation. Alternatively,
amino acids can also be formed by de novo synthesis.
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All essential amino acids—
PriVaTe TIM HALL:

Phe
Val
Thr
Trp
lle
Met
His
Arg
Leu
Lys
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Histidine and arginine are essential only for periods when cell growth out-
paces production such as during childhood.

NONESSENTIAL AMINO ACIDS

The remaining amino acids can be synthesized using the TCA cycle and
other metabolic intermediates in reactions that are discussed below.

Tyrosine (Tyr)
Glycine (Gly)
Alanine (Ala)
Cysteine (Cys)
Serine (Ser)
Aspartate (Asp)
Asparagine (Asn)
Glutamate (Glu)
Glutamine (Gln)
Proline (Pro)

METABOLIC REACTIONS

Two simple reactions are the key to understanding amino acid metabolism:
transamination and oxidative deamination.

Transamination
DEFINITION

Transfers an o-amino group to an o-keto acid group creating a new amino
acid (see Figure 3-54).

Transfer agent is an aminotransferase/transaminase (e.g., AST, ALT).
Acceptor (usually o-ketoglutarate, can be pyruvate, oxaloacetate) becomes
a new amino acid.

Donor becomes a new o-keto acid.

Reaction important for both synthesis and breakdown of amino acids.

DONOR ACCEPTOR
o — [ 0=0
C00- coo-
OLD AMINO ACID KETO ACID

[ Aminotransferase |

+,

H—c—
COoO- Ccoo-
KETO ACID NEW AMINO ACID

FIGURE 3-54. Transamination reaction. In this reaction, an o-amino group is transferred
from the donor amino acid to the acceptor keto acid creating a new amino acid. In essence, the
o-amino group is being transferred from one carbon skeleton to another.
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NAD+ NADH

All other amino acids
: ——— lutamate + M o-Ketoglutarate + +
for disposal - +H;0 9

Transamination Glutamate
dehydrogenase ‘

Glycolysis
TCAcycle

Urea cycle

FIGURE 3-55. Oxidative deamination reaction. Glutamate is the only amino acid that
undergoes rapid oxidative deamination. During this reaction, glutamate dehydrogenase cata-
lyzes the removal of the o-amino group leaving an o-ketogluterate carbon skeleton. The carbon
skeleton serves as a glycolytic or TCA cycle intermediate while the released ammonia enters
the urea cycle.

SITE

Cytosol and mitochondria.

COFACTORS

All aminotransferases require the vitamin B, derivative pyridoxal phosphate

(PLP).

Oxidative Deamination
DEFINITION

Removes an a-amino group, leaving a carbon skeleton (see Figure 3-55).

Ammonia released enters urea cycle.

Carbon skeletons used as glycolytic and TCA cycle intermediates.
Glutamate, with the assistance of glutamate dehydrogenase, is the only
amino acid that undergoes rapid oxidative deamination.

SITE
Mitochondria.

CoNTROL

Reversible reaction driven by need for TCA intermediates.

Low energy (GDP, ADP) activates.
High energy (GTP, ATP) inhibits.

NONESSENTIAL AMINO ACID BIOSYNTHESIS

Nonessential amino acids can be synthesized in adequate amounts from
essential amino acids and from intermediates of glycolysis and the TCA cycle.

Tyrosine
PRECURSOR

Phenylalanine.

SYNTHESIS

Irreversible hydroxylation catalyzed by phenylalanine hydroxylase and its
required cofactor tetrahydrobiopterin (see Figure 3-56).

SIGNIFICANCE

Tyrosine is the precursor for catecholamines (e.g., dopamine, adrenaline,
noradrenaline), melanin, and thryroxine. A genetic deficiency of phenylal-

CHAPTER 3

ASH
ORWARD

Aminotransferases are important
liver enzymes used in diagnostic
testing.

' KEY FACT

Vitamin B and niacin deficiencies
affect the functioning of
transaminases.

ASH
ORWARD

There are several major vitamin-
derived cofactors that are essential
for enzymatic reactions.

' KEY FACT

Note: During breakdown, all amino
acid a-amino groups are transferred
to o-ketoglutarate since only
glutamate undergoes rapid oxidative
deamination.

K( FLASH BACK

Amino acid metabolism is intimately
related to the urea and TCA cycles.

' KEY FACT

Tetrahydrobiopterin is an electron
carrier in redox reactions, such as
tyrosine synthesis, and its deficiency
is responsible for a minority of
phenylketonuria cases.
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Catecholamines
/ (e.g.,dopamine, adrenaline)

=> \elanin

Thyroxine

Phenylalanine
hydroxylase

Phenylalanine

Tetrahydrobiopterin

Deficiency here
causes PKU

FIGURE 3-56. Tyrosine synthesis. Hydroxylation of phenylalanine by phenylalanine
hydroxylase results in the formation of tyrosine. Tyrosine can then be used for the synthesis of
other compounds. Deficiencies in either phenylalanine or its required cofactor tetrahydrobiop-
terin cause the disease phenylketonuria.

anine hydroxylase causes phenylketonuria (discussed below) which results in
the build-up of phenylalanine and an inability to produce tyrosine.

Serine, Glycine, Cysteine
PRECURSORS

Glycolysis intermediates. Serine can act as precursor for glycine and cysteine.
Cysteine synthesis from serine also requires the essential amino acid methionine.

SYNTHESIS

Serine: Mainly a three-step process from glycolytic intermediates in the
cytosol. Can also be synthesized in a reversible reaction by transfer of a
hydroxymethyl group from glycine in the mitochondria (see Figure 3-57).
Glycine: Mainly from CO,, NH,*, and N;N,,-methylene tetrahyrdrofo-
late in mitochondria. Can also be synthesized by the reverse of the serine
synthesis reaction in the mitochondria (see Figure 3-60).

Cysteine: Synthesis is a multistep process with four main steps (see Figure

3.58).

1. Methionine activation.
2. Homocysteine formation.
3. Homocysteine and serine condensation to cystathionine.
4. Cystathionine hydrolysis to cysteine and homoserine.
( Glycine synthesis
CO, + NH,*
4 ] - N°N'-methylene
Cysteine synthesis THE
Methionine = SAM == mmd> Homocysteine -
. THF + H,0
P y 4
Glycolysis intermediate ‘ EEE
3-phosphoglycerate = = =
THE  N°N'®-methylene
i i THF
\_ SO GRS Ser-gly interconversion k )

FIGURE 3-57. Serine, glycine, cysteine synthesis. Scrine is mainly synthesized in a three-
step process from the glycolytic intermediate 3-phosphoglycerate. Alternatively, serine can

be formed from glycine by transfer of a hydromethyl carbon group. Glycine, in turn, can be
synthesized from serine in a reversal of the previous reaction. However, it is mainly synthesized
from CO,, NH,*, and N°N!"-methylene tetrahydrofolate. Cysteine synthesis requires methion-
ine and serine. SAM, S-adenosyl methionine.
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@ CHy @

via SAM .
emmTTTTTTTTI Cystathionine
“a synthase @
Methionine Methionine Homocysteine Cystathionine———> Cysteine
synthase ; @
>_< Serine
THF CHg THF

FIGURE 3-58. Cysteine synthesis. Synthesis of cysteine from serine occurs in the cytosol
and requires the essential amino acid methionine. The key steps are (1) activation of methi-
onine, (2) formation of homocysteine, (3) condensation of serine and homocysteine to from
cystathionine, and (4) hydrolysis of cystathionine to form cysteine.

SIGNIFICANCE

Glycine is notably a component of collagen and an inhibitory neurotrans-
mitter. It is also used in the antioxidant glutathione (along with glutamate
and cysteine), creatine, porphyrins, and purines.

Cysteine synthesis interruption can lead to a buildup of homocysteine in
the urine known as homocystinuria (discussed below).

Alanine
PRECURSOR

Pyruvate.

SYNTHESIS

One-step transamination of pyruvate (see Figure 3-59).

Aspartate, Asparagine
PRECURSOR

TCA cycle intermediate oxaloacetate.

SYNTHESIS

Aspartate: One-step transamination of oxaloacetate (see Figure 3-60).
Asparagine: Amide group transfer from glutamine (see Figure 3-60).

SIGNIFICANCE

Aspartate serves as an amino donor in the urea cycle and in purine and
pyrimidine synthesis.

Asparagine provides a site of carbohydrate attachment for N-linked
glycosylation.

Glutamate|  -Ketoglutarate

A A

FIGURE 3-59. Alanine synthesis. Alanine is synthesized from the glycolytic intermediate
pyruvate by a one-step transamination.

Pyruvate
(from glycolysis)

CHAPTER 3

' KEY FACT

Folate, a form of vitamin B, is
necessary for the DNA synthesis
required for the growth and
maintenance of new cells. THFs are
a series of derivatives of folate that
participate in single-carbon transfer
reactions.

' KEY FACT

Transamination = transfer of
amino group to new amino acid.
Deamination = removal of amino

group!




CHAPTER 3

BIOCHEMISTRY

Glutamate o-Ketoglutarate ATP AMP + PPi
Oxaloacetate LL :
(from glycolysis) GEETIETS *’

[Glutamine | [Glutamate |

FIGURE 3-60. Aspartate and asparagine synthesis. Aspartate is formed in a one-step
transamination from the TCA cycle intermediate oxaloacetate. Asparagine is then formed by
amidation of aspartate.

Glutamate, Glutamine, Proline, Arginine
PRECURSOR

o-Ketoglutarate. Glutamate also serves as a precursor to glutamine, proline,
and arginine.

SyntHEsis (sce Figure 3-61)

Glutamate: Reductive amination of a-ketoglutarate. Also commonly from
transamination of most other amino acids.

Glutamine: Amidation (the addition of an amide group) of glutamate.
Proline: Three-step synthesis from glutamate involving reduction, sponta-
neous cyclization, and another reduction.

Arginine: Two-step synthesis from glutamate involving reduction and
transamination to ornithine. Ornithine is then sent to the urea cycle where
it is metabolized to arginine.

Although the details of these synthetic pathways can seem overwhelming, it is
important to have a familiarity with the overall picture of nonessential amino
acid synthesis and from where in the TCA cycle the precursors are obtained
(see Figure 3-62).

o-Ketoglutarate

NH,*
NADPH + H*
Glutamate
synthesis NADP*
H,0

NADPH + H* NADP*

Spontaneous
Glutamate M Glutamate p‘ Pyrroline-5-

v-Semialdehyde cyclization carboxylate

ATP, NH," ( \ NADPH + H*
ADP + Pi o-ketoglutarate NADP*

i Urea j§ cycle .
Gluta;]mu)e Proline
synthesis synthesis

Arginine
synthesis /

FIGURE 3-61. Glutamate, glutamine, proline, and arginine synthesis. These four amino
acids are formed from o-ketoglutarate. (1) Glutamate is formed from a direct reductive amina-
tion. (2) Glutamine can then be formed from glutamate by amidation. At this branch point,
either (3) proline can be formed in three steps or (4) ornithine can be formed in two and sent
to the urea cycle, where it is metabolized to arginine.
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Glycolysis

:

3-Phosphoglycerate

RO vy

CHAPTER 3

v
<— Pyruvate
Acetyl-CoA
Oxaloacetate Citrate
/
Fumarate TCA Isocitrate Urea cycls
Cycle T
Ornithine

Succinyl-CoA

remember: Phenylalanine

FIGURE 3-62.
amino acid synthesis.

AMINO ACID TISSUE METABOLISM

Amino Acid Transport

Protein digestion begins in the stomach, where gastric juice and pepsin break
proteins down to large peptides. Degradation continues in the small intestine
to free amino acids, dipeptides, and tripeptides. These components are taken
into epithelial cells via specific transporters and hydrolyzed into free amino
acids (see Figure 3-63). Amino acid transport is an energy-requiring process,
since the amino acid concentration in the cell is much higher than that out-
side of the cell. Luminal transport is Na* dependent, whereas contraluminal
transport is Na® independent, much like glucose transport. There are four
main transport systems based on their amino acid side chain specificity (see

Table 3-22).

Amino Acid Transport Deficiency

HARTNUP'S DISEASE

Rare autosomal recessive defect in the intestinal and renal transporters for
neutral amino acids. The symptoms are due to a loss of tryptophan, which is
a nicotinamide precursor. Thus, many aspects of the presentation mimic nia-
cin (vitamin B;) deficiency (pellagra).

PRESENTATION

Patients exhibit pellagra-like skin lesions and neurologic manifestations rang-
ing from ataxia to frank delirium.

) glutamate
a-Ketoglutarate FSemialdehyde

Biosynthesis of nonessential amino acids. This overview highlights the precursors and pathways used in nonessential

ASH
ORWARD

Amino acid transport is an important
step in protein digestion.
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Dietary
protein
+ peptides

/|

Amino acid transporters

\

N

Villous
capillaries

FIGURE 3-63. Enterocyte amino acid transport. An active, sodium-coupled transport car-
ries dipeptides and tripeptides into the cell where they are broken down into individual amino
acids by peptidases. There are also transporters for individual amino acids. At the basolateral
membrane, amino acids diffuse into villous capillaries destined for the liver via portal circula-
tion.

DiAGNosis

Diagnosis is made by detection of neutral aminoaciduria, which is not present
in pellagra.

TREATMENT

Management is targeted at replacing niacin and providing a high-protein diet
with nicotinamide supplements.

CYSTINURIA

Autosomal recessive defect in kidney tubular reabsorption of the basic amino
acids resulting in high levels of their excretion. The low solubility of cysteine
leads to precipitation and kidney stone formation.

TABLE 3-22. Important Amino Acid Transport Systems

AmINO AciD DiSeASES RESULTING FROM
SPECIFICITY AmMINO AcIDS TRANSPORTED DEFeCTIVE CARRIER SYSTEM
Small, aliphatic Alanine, serine, threonine. Nonspecific
Large, aliphatic, Isoleucine, leucine, valine, tyrosine, Hartnup’s disease
aromatic tryptophan, phenylalanine.
Basic Arginine, lysine, cysteine, ornithine. Cystinuria

Acidic Glutamate, aspartate. Nonspecific
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PRESENTATION

Most of the symptoms are due to stone formation.

DiaGNosis

Quantitative urinary amino acid analysis confirms the diagnosis.

TREATMENT

Management strives to eliminate precipitation and stone formation by increas-
ing urine volume (high daily fluid ingestion) and urinary alkalination.

ABSORPTIVE STATE MIETABOLISM

Once amino acids are absorbed, most are transaminated to alanine, the main
amino acid secreted by the gut, and released into the portal vein destined
for the liver (see Figure 3-64). In the liver, amino acids meet a use-it-or-lose-it
fate. They can either be used for protein synthesis or transaminated to gluta-
mate for rapid oxidative deamination and urea excretion. Excess amino acids
must either be used directly for energy or converted to glycogen or fat stores.
They cannot be stored as protein.

Gut

Dietary
protein
+ peptides

Amino acids
Other NH,*
amino

acids Alanine
\ pa

Via portal vein

a-Ketoglutarate
Ay
4
deamination
el [ransamination
a-Keto 4/\ Glutamate

acid

FIGURE 3-64. Absorptive state amino acid metabolism. When digested, protein is bro-
ken down into amino acids, most of which are converted to alanine and shuttled via the portal
vein to the liver. The liver can use the amino acids for protein synthesis or lose the amino acids
via entry to the urea cycle and excretion from the kidney.
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Amino acid transport deficiency
in cystinuria—

COLA
Cysteine
Ornithine
Lysine
Arginine
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' KEY FACT

Much like the amino acid pool, there
exists a dynamic one-carbon pool.
These one-carbon units are used for
molecular synthesis and elongation,
but require activation by a carrier
(usually SAM or folate) to enable
their transfer.

) mnewonic

SAM is the methyl donor man.

ASH
ORWARD

This would be good time to review
the regulation of thyroid hormone
synthesis.

' KEY FACT

Tyrosinase, also known as tyrosine
hydroxylase, deficiency is one cause
of albinism.

BIOCHEMISTRY

AMINO ACID DERIVATIVES

Amino acids serve as precursors to synthesize many important compounds.
Three simple reactions are the key to understanding amino acid derivatives:
decarboxylation, hydroxylation, and methylation.

Decarboxylation: Removal of a carboxyl group (-COOH) from a compound.
Hydroxylation: Addition of a hydroxyl group (~OH) to a compound, thus oxi-
dizing it.

Methylation: Addition of a methyl group (-CH3) to a compound.

Methionine Derivative

S-ADENOSYLMETHIONINE (SAM)

Main biosynthetic reaction methyl donor.

Synthesis location: All living cells.
Synthesis reaction: Methionine and ATP condensation.

Tyrosine Derivatives

THYROID HORMONES
Control the body’s metabolic rate.

Synthesis location: Thyroid follicle cells.
Synthesis reaction: See Figure 3-65.
Tyrosine converted to the glycoprotein thyroglobulin.
lodide oxidized to iodine (I,) and incorporated into the tyrosine side
chains of the thyroglobulin.
Tyrosine + one I, = monoiodinated tyrosine (MIT).
Tyrosine + two I, = diiodinated tyrosine (DIT).
DIT + DIT = thyroxine (T}).
MIT + DIT = triiodothyroxine (T, active form).

MELANIN

Provides pigmentation, forms cap over keratinocytes for protection from UV
rays.

Synthesis location: Hair and skin melanocytes.
Synthesis reaction: See Figure 3-66.
Tyrosine hydroxylation at two sites.
Catalyzed by tyrosinase.
Requires cofactors copper and ascorbate.
Reactive molecules variably polymerize to form different melanins.

CATECHOLAMINES

Control body’s stress responses acting as neurotransmitters or hormones.

Synthesis location: Central nervous system, adrenal medulla.

Synthesis reaction: See Figure 3-67.
Tyrosine hydroxylation and decarboxylation to dopamine.
Dopamine hydroxylation to norepinephrine.
Norepinephrine methylation to epinephrine using the methyl donor
SAM.
Metabolism occurs through the enzymes catecholamine O-methyl-
transferase (COMT) and monoamine oxidase (MAO).
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FIGURE 3-65. Thyroid hormone synthesis. Thyroglobulin (Tgb), which is rich in tyrosine, is transported to the lumen, where its ty-
rosine residues are iodinated. The various forms of thyroid hormones (T3, T,) produced can then be released in a regulated manner.

Tyrosine

Dietary protein + peptides — al
Phenylalanine

FIGURE 3-66. Melanin synthesis. Tyrosine can be converted by the enzyme tyrosine hydroxylase to a more active form that polymer-
izes to four different melanins. (Histology image courtesy of PEIR Diginal Library [http://peir.net].)
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FIGURE 3-67. Catecholamine synthesis. Phenylalanine is absorbed in the intestine and converted to tyrosine in the liver. Tyrosine

can then be converted to dopamine in the substantia nigra or further processed to norepinephrine in sympathetic ganglion neurons or to
epinephrine in the adrenal medulla. (Histology images courtesy of PEIR Digital Library [http:/peir.net].)

' KEY FACT Tryptophan Derivatives

NiaciN (ViTamiN B;)

The body derives energy from the Forms essential redox reaction cofactors NAD+, NADP+.
many redox (oxidation-reduction)

reactions that transfer electrons. Synthesis location: Liver.

NAD+ (mainly in mitochondria

for oxidative, catabolic reactions) Synthesis reaction:

and NADP+ (mainly in cytosol for
reductive, anabolic reactions) act to
accept and donate these electrons.

Tryptophan five-membered aromatic ring cleaved and rearranged to six-
membered ring using its o-amino group.

Reaction very slow and requires cofactors pyridoxine (vitamin By), ribofla-
vin (vitamin B,), and thiamine (vitamin B)).

9 CLIN SEROTONIN
. CORRELA

Synthesis location: CNS serotonergic neurons, Gl tract enterochromatfin

Serotonin levels can be diminished cells. . . o '
in patients with depression. For this Synthesis reaction: Tryptophan aromatic ring hydroxylation and then
reason, selective serotonin reuptake decarboxylation (see Figure 3-68).

inhibitors (SSRIs) are widely used. o o ' .
Serotonin is also present in high levels in platelets, but is taken up rather than

synthesized.
[c) CLINI MELATONIN
: CORRELA Controls circadian rhythm functions.
Pharmacologically, melatonin has Synthesis location: Pineal gland pinealocytes.
been used to treat circadian rhythm Synthesis reaction: (See Figure 3-69).
disorders such as jet lag. Tryptophan conversion to serotonin (see above).

Serotonin acetylation and methylation.
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Dietary protein + peptides
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Try opﬂ1an =—>=Serotonin

FIGURE 3-68. Serotonin and melatonin synthesis. Serotonin is derived from tryptophan via hydroxylation and decarboxylation of
the aromatic ring. Melatonin can then be derived from serotonin via acetylation and methylation. (Histology image courtesy of PEIR
Digital Library [http://peir.net].)

Histidine Derivative [r)m
° CORRELA

HisTAMINE

Mediates inflammatory responses, acts as neurotransmitter, stimulates gastric ~ Histidine can be metabolized

acid secretion. to histamine, which is rapidly

deactivated or stored in the granules

of mast cells. These cells are

degranulated when exposed to an
allergen.

Synthesis location: Connective tissue mast cells, GI tract enterochromaf-
fin cells.
Synthesis reaction: Histidine decarboxylation.

Glycine Derivative

HEMmE

Electron carrier in cytochromes and enzymes, O, carrier in hemoglobin and
myoglobin.

Synthesis location: Mitochondria and cytosol of bone marrow erythroid
cells (for hemoglobin), liver hepatocytes (for cytochromes).
Synthesis reaction: See Figure 3-69.
Fightstep reaction with first three and last three occurring in the
mitochondria.
A-Aminolevulinic acid (ALA) synthesis—irreversible, rate-limiting step
Glycine and succinyl-CoA condensation.
Catalyzed by ALA synthase, requires PLP cofactor.
Porphobilinogen (PBG) formation —dehydration of two ALA molecules.
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ASH
ORWARD

Enzyme deficiencies can inhibit
various steps in the synthesis

of heme, resulting in a group of
diseases known as the porphyrias.
Synthesis can be inhibited by lead.

9 CLIN
48 CORRELA

Creatine phosphokinase is released
into the circulation if muscle or brain
is injured. This includes damage

to heart muscle as well as skeletal
muscle. As such, measurement

of cardiac-specific creatine
phosphokinase is important in the
diagnosis of myocardial infarction.

K( FLASH BACK

The urea cycle prevents ammonia
toxicity.

9 CLIN
48 CORRELA

During erection, nitric oxide (NO) is
released in the corpus cavernosum
of the penis, leading to smooth
muscle relaxation. Sildenafil citrate,
also known as Viagra, is a selective
inhibitor of the phosphodiesterase
that prolongs the effects of NO.
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Succinyl CoA + Glycine Heme
Committed step
(’ )| ALA synthetase LFe2
8-Aminolevolinic acid Protoporphyrin

S 'y

\_//
Porphobilinogen Coproporphyrinogen

Pre-uroporphyrinogen ————— Uroporphyrinogen Ill

FIGURE 3-69. Heme synthesis. Glycine and succinyl-CoA combine to form protoporphy-
rin IX, which is used to form aminolevulinic acid (ALA). Two ALA molecules then condense to
form porphobilinogen (PBG). Four molecules of PBG then condense to form pre-uroporphy-
rinogen. The remaining reactions alter side chains and the degree of porphyrin unsaturation.

Uroporphyrinogen I (UROgen ) formation—condensation of four
PBG molecules (inactive).

Uroporphyrinogen III (UROgen III) formation—produces an active
molecule.

Coproporphyrinogen Il formation, protoporphyrin IX formation,
which alters side chains and porphyrin unsaturation degree.

Heme formation —insertion of Fe?*.

Arginine Derivatives

CREATINE

High-energy phosphate storage.

Synthesis location: Liver, precursor formed in kidney.
Synthesis reaction: See Figure 3-70.
Arginine and glycine formation of guanidoacetate in kidney.
Guanidoacetate methylation using SAM as methyl donor.

For storage, phosphate of ATP can be transferred to creatine forming creatine
phosphate. Phosphate transfer can be reversed in energy depleted muscle gen-
erating creatine and ATP. Creatine and creatine phosphate spontaneously
cyclize creating creatinine for excretion in urine.

UREA

Nontoxic disposable form of ammonia that is generated during amino acid
turnover.

Synthesis location: Liver.

Synthesis reaction: Arginine cleavage to urea and ornithine in the urea
cycle.

Urea travels via the blood to the kidneys, where it is excreted in the urine.

NiTrRIC OXIDE

Positively regulates vessel dilation through smooth muscle relaxation.

Synthesis location: Small-vessel endothelial cells.
Synthesis reaction: Arginine oxidation.
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ATP

ADP

Creatine
phosphate

Creatine

CHAPTER 3

Guanidoacetate
SAM

K, S-adenosyl-

e homocysteine

Creatine
phosphokinase

FIGURE 3-70. Creatine synthesis. Arginine reacts with glycine in the kidney to form the precursor guanidoacetate. Guanidoacetate
is then methylated, using SAM, in the liver forming creatine. A high-energy phosphate group from ATP can then be transferred creating
creatine phosphate. In muscle, when energy demand is high, the high-energy phosphate can be removed and creatine phosphate is con-

verted back to creatine. (Histology image courtesy of PEIR Digital Library [http://peir.net].)

Glutamate Derivative
GABA

Acts as inhibitory neurotransmitter.

Synthesis location: Central nervous system.
Synthesis reaction: Glutamate decarboxylation.

Excess amino acids and used amino acids must be degraded and eliminated
from the body. This process can be thought of as consisting of two steps: dis-
posal of the o-amino group and disposal of the carbon skeleton.

DisposAL OF THE 0.-AMINO GROUP

The o-amino group can be disposed of by two possible routes, both of which
begin with transamination to create a common pool of glutamate (see Figure
3-71). In the first route, the glutamate formed in the cytosol undergoes oxida-
tive deamination in the mitochondria and the amino group is sent to the urea
cycle for disposal. In the second route, the glutamate is transaminated a sec-
ond time with a transfer of the o-amino group to oxaloacetate to form aspar-
tate. This occurs mainly in the liver and is catalyzed by aspartate transaminase
(AST). The aspartate can then enter the urea cycle via condensation with cit-
rulline and the amino group is again disposed.

A
a 1

GABA analogs, such as gabapentin,
were initially designed for use as
anticonvulsants.
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Amino acid o-Ketoglutarate

Transamination

Keto acid

@ Oxidative deamination
<) (-Ketoglutarate + NH,*

' \
Oxaloacetate Urea cycle
o-Ketoglutarate
Aspartate

1 (@ Transamination

Glutamate

Urea cycle

FIGURE 3-71. o-Amino group disposal. The first step in disposal is the transamination of
amino acids to form a common pool of glutamate. This glutamate can undergo (1) oxidative
deamination with the resulting amino group sent to the urea cycle or (2) a second transamina-
tion with aspartate being sent to the urea cycle.

' KEY FACT ALAN.INE-GLU.COSE CY.CLE | | |
During amino acid catabolism the ammonium accumulated in skeletal

muscle must be transported to the liver for disposal. However, ammonium is
a toxic molecule (the reason we have the urea cycle), so alanine is used as
a carrier in the circulation (see Figure 3-72). In muscle, a common pool of
glutamate is again created via transamination. Glutamate is transaminated
a second time, transferring the a-amino group to pyruvate, which forms ala-
nine. This reaction is catalyzed by alanine aminotransferase (ALT). Alanine
is released into the circulation, as occurs during amino acid absorption. The
alanine is taken up by the liver and the reaction is reversed, adding the gluta-
mate from the muscle to the common pool in the liver which is processed as
described above.

Amino acids are converted to
alanine for circulation and glutamate
for rapid oxidative deamination and
disposal.

DisPosAL OF THE CARBON SKELETON

The remaining carbon skeleton can then be salvaged as TCA cycle and gly-

colytic intermediates. All 20 amino acids break down to seven common prod-
"m ucts: acetyl-CoA, acetoacetyl-CoA, pyruvate, oxaloacetate, fumarate, succi-

nyl-CoA, and o-ketoglutarate (see Figure 3-73). Ketogenic amino acids are

Purely ketogenic amino acids—-  those that are broken down into the ketone body formers acetyl-CoA and
JKL: acetoacetyl-CoA. Glucogenic amino acids are those that are broken down to
Just Ketogenic = Leucine, Lysine pyruvate or TCA intermediates that can be channeled into gluconeogenesis.

Only leucine and lysine are considered to be purely ketogenic. Isoleucine,
phenylalanine, tyrosine, and tryptophan are both ketogenic and gluco-
genic. All other amino acids are purely glucogenic.

For
circulation

- “| Alanine a—Ketoglutamate

Ketoglutamate  pjaring”
T
. Pyruvate Glutamate (NH,)
=
pool

Glucose Urea (NH,)

Return to
glutamate
pool

FIGURE 3-72. Alanine-glucose cycle. Alanine is used as a carrier to transport o-amino acid groups from the skeletal muscle to the
liver for disposal via the urea cycle. This cycle allows carbon skeletons to be converted between protein and glucose.



BIOCHEMISTRY

CHAPTER 3

Acetyl-CoA «<—> Acetoacetyl-CoA

Asparta_te —> Oxaloacetate Citrate
Asparagine / \
Phenylalanine \
Tyrosine > Fumarate TCA Isocitrate
Cycle

. Arginine
Succinyl-CoA o-Ketoglutarate Glutamate Histidine

\_/

Isoleucine

Methionine

Threonine
Valine

Leucine
Lysine
Alanine Phenylalanine
Cysteine Tryptophan
Glycine |[—> Pyruvate Isoleucine Tyrosine
Serine
Threonine l /

Glycine

Proline

FIGURE 3-73. Amino acid carbon skeleton recycling. The 20 amino acids can be broken down to seven common carbon skeletons,
which can be feed into the TCA cycle. Depending on the energy needs of the cell, these products can also be used to synthesize fat or

glycogen.

AMINO ACID DEFICIENCIES

Phenylketonuria (PKU)

Autosomal recessive deficiency of phenylalanine hydroxylase or in some
cases its cofactor tetrahydrobiopterin (see Figure 3-74). The lack of this
enzyme causes a buildup of phenylalanine and an inability to produce
tyrosine. Fxcess phenylalanine is converted into the phenylketones: phe-
nylpyruvate, phenyllactate, and phenylacetate.

INCIDENCE

PKU is one of the most common amino acid deficiencies with an incidence

of 1 in 13,500-19,000 live births.

PRESENTATION

If untreated, infants present at 612 months with CNS symptoms of develop-
mental delay, seizures, and failure to thrive. Patients also exhibit characteris-
tics of hypopigmentation such as fair hair, blue eyes, and pale skin.

DiaGNosis

All neonates are screened for raised blood levels of phenylalanine.

TREATMENT

Classically, management of the condition is accomplished by restriction of
dietary phenylalanine, which is contained in aspartame (e.g., NutraSweet),
and an increase in dietary tyrosine along with monitoring of blood phenylala-
nine levels. However, new treatments are in development.

fa)  mewonic

PKU: Disorder of aromatic amino
acid metabolism—musty body odor-




CHAPTER 3

BIOCHEMISTRY

Catecholamines
(e.g., dopamine adrenaline)

Phenylalanine '
hydroxylase Tyrosinase

_T rosine | e——) \lelanin
Tetrahydrobiopterin y

Deficiency here = ‘ .
PKU Homogentisate

Deficiency here =
albinism

Phenylalanine

acid oxidase alkaptonuria

Homogentlsml = - Deficiency here =

Fumarylacetoacetate

|

Fumarate

|

TCA cycle

Tyrosine

breakdown

FIGURE 3-74. Phenylalanine derivative amino acid deficiencies. Blockades in the me-
tabolism of phenylalanine lead to the enzyme deficiencies alkaptonuria, albinism, and phe-
nylketonuria.

Alkaptonuria

Congenital deficiency of homogentisic acid oxidase, an enzyme used in the
degradation of tyrosine (see Figure 3-75). This deficiency results in a buildup
of homogentisate that polymerizes to a black-brown pigment. This pigment
deposits in connective tissue, including cartilage.

PRESENTATION

Alkaptonuria is one of the few inborn errors of metabolism that does not pres-
ent until adulthood. In this disease, joint damage and arthritis become appar-
ent at presentation. However, it may be detected at an earlier age, since urine
and sweat may turn black upon standing owing to the formation of alkapton.

DiaGNosis

This condition may be diagnosed by allowing the patient’s urine to stand and
monitoring for colorimetric change. The results can be confirmed quantita-
tively with a measurement of homogentisate in the urine.

TREATMENT

There is no specific treatment for alkaptonuria, and the clinical effects of
dietary restriction are limited.

Albinism

Deficiency of the enzyme tyrosinase, which catalyzes conversion to melanin,
or defective tyrosine transporters (see Figure 3-75). The disorder can also
result from lack of migration of neural crest cells.

PRESENTATION

Neonates present with amelanosis (whitish hair, pale skin, gray-blue eyes),
nystagmus, and photophobia (low pigment in iris and retina leads to failure to
develop fixation reflex).
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DiaGnNosis

Iris translucency and other fundal findings are pathognomonic signs.

TREATMENT

Tinted contact lenses and high sun protection are important in management.

ProGNoSIS

Disease prognosis is affected by the increased risk of skin cancer.

Homocystinuria

Excess homocystine in the urine can result from cystathionine synthase defi-
ciency, decreased affinity of cystathione synthase for PLP, or methionine
synthase deficiency (see Figure 3-57).

PRESENTATION

Patients can present with mental retardation, osteoporosis, tall stature, kypho-
sis, lens sublaxation (downward and inward), and atherosclerosis (stroke and
myocardial infarction).

DiaGNosis

Diagnosis consists of measuring excess homocystine in the urine of a patient
without vitamin B, deficiency.

TREATMENT

The management depends on the underlying cause of the homocystinuria.
For cystathionine synthase deficiency, treatment is a dietary decrease in meth-
ionine and increase in cysteine. For decreased affinity of PLP, treatment is
increased vitamin B,

Maple Syrup Urine Disease

Deficiency of the enzyme o-keto acid dehydrogenase, which catalyzes degra-
dation of the branched-chain amino acids (isoleucine, valine, leucine). This
leads to an increased of o-keto acids in the blood, especially leucine.

PRESENTATION

Afflicted infants are normal at birth but develop a characteristic odor, leth-
argy, feeding difficulties, coma, and seizures. If untreated, this leads to CNS
defects, mental retardation, and death.

DiaGNosis

High levels of branched-chain amino acids in the urine and blood are used
for diagnosis.

TREATMENT

Dietary restriction of branched-chain amino acids.

ProOGNoOSIS

If untreated, the infant dies in the first month of life.

CHAPTER 3

fa)  unwonic

Branched-chain amino acids
blocked in maple syrup urine
disease:

I Love Vermont maple syrup:

Isoleucine
Leucine
Valine

' KEY FACT

Amino acid deficiencies are
autosomal recessive disorders,
present in the neonatal period
(except for alkaptonuria) and
are usually treated with dietary
restrictions.
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' KEY FACT

Water-Soluble Vitamins
Vitamin B, (thiamine)

Vitamin B, (riboflavin)

Vitamin B (niacin)

Vitamin B (pantothenic acid)
Vitamin B (pyridoxine)
Vitamin B,, (cyanocobalamin)
Folic acid

Biotin

Vitamin C (ascorbic acid)

' KEY FACT

Fat-Soluble Vitamins

Vitamin A (retinols)

Vitamin D, vitamin D, (ergocalciferol),
vitamin D5 (cholecalciferol)

Vitamin E (o-tocopherol)

Vitamin K (phylloquinone)
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. Nutrition

Vitamins are ubiquitous to enzymatic processes. Both anabolic (formation)
and catabolic (breakdown) reactions require vitamins.

Vitamins are divided into those that are soluble in water (vitamin B, = thia-
mine; vitamin B, = riboflavin; vitamin B, = niacin; vitamin B; = pantothenic
acid; vitamin B = pyridoxine, biotin, folic acid; vitamin B}, = cyanocobala-
min; and vitamin C = ascorbic acid) and those that are soluble in fat (vitamin
A, vitamin D, vitamin E, vitamin K).

Water-soluble vitamins and fat-soluble vitamins differ in various properties
including absorption, distribution throughout the body, storage ability, excre-
tion from the body, and toxicity.

Water-soluble vitamins are readily absorbed from the gut directly into the
bloodstream, where they are maintained until they are excreted by the kid-
ney in urine (with a few exceptions). Water-soluble vitamins are less likely
to achieve toxic levels because they are readily excreted in the urine. They
are more likely to have deficiencies as there is limited storage in the body for
water-soluble vitamins.

Fat-soluble vitamins dissolve in dietary fats and migrate through the lym-
phatic system before entering the blood bound to protein carriers such as
albumin. These vitamins are stored in adipose and other fatty tissues and
accumulate, making it possible to reach toxic levels. Fat-soluble vitamins are
less likely to have deficiencies because of their ability to accumulate in lipid.
However, in patients with malabsorptive diseases such as celiac disease, cys-
tic fibrosis, and pancreatic insufficiency, deficiency of fat-soluble vitamins is
possible.

Although these vitamins can reach levels of excess that can be harmful to vari-
ous biochemical processes, lack of such vitamins can cause inability for the
body to produce or convert essential molecules. The presenting clinical signs
depend on how much and for how long the vitamin has been missing. Exam-
ples of these clinical signs are found below.

Water-Soluble Vitamins

VITAMIN B, —THIAMINE

Thiamine is a water-soluble vitamin, found in grains, meats, and legumes,
used as a coenzyme in many biochemical reactions involving carbohydrate
metabolism. The biologically active form, thiamine diphosphate or TPP, is
found in liver, kidneys, and leukocytes.

TPP, as its name implies, is formed from the transter of ATP to thiamine.
Once formed, it is used in the cell as a coenzyme for:

Transketolation reactions found in the pentose phosphate pathway.
Conversion of pyruvate to acetyl-CoA.

Conversion of o-ketoglutarate to succinyl-CoA.

Creation of branched-chain amino acids leucine, isoleucine, and valine.
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The pentose phosphate pathway functions to synthesize the nucleotide ribose
for nucleic acid formation and to increase the amount of NADPH for fatty
acid and cholesterol synthesis. Oxidative decarboxylation of pyruvate to acetyl-
CoA is necessary for carbohydrate metabolism (the acetyl-CoA produced irre-
versibly enters the TCA cycle). Oxidative decarboxylation of o-ketoglutarate,
found in the TCA cycle could not take place without TPP. Also, thiamine is
used by branched-chain o-keto acid dehydrogenase to metabolize the three-
branched chain amino acids: leucine, isoleucine, and valine (mitochondrial
branched-chain o-keto acid dehydrogenase is structurally similar to pyruvate
dehydrogenase).

In the United States, thiamine deficiency is most commonly due to chronic
alcoholism. This is because patients with chronic alcoholism may have
impaired intestinal absorption of thiamine, decreased dietary intake of thia-
mine, or poor thiamine metabolism. Absence of thiamine decreases the
amount of acetyl-CoA available to enter the TCA cycle and increases the
amount of pyruvate available for anaerobic oxidation. This leads to increased
lactic acid production.

Clinically, signs of thiamine deficiency include:

Muscle cramps
Paresthesias
[rritability

Beriberi (wet or dry)

Beriberi is divided into wet and dry. Wet beriberi involves the cardiovascu-
lar system, whereas dry beriberi involves the nervous system (dry beriberi with
Wernicke-Korsakoff syndrome).

Wet beriberi is characterized by neuropathy as well as heart failure, which
may be high output, and includes a triad of peripheral vasodilation, biven-
tricular failure, and edema. It is often brought on by physical exertion and
increased carbohydrate intake.

Dry beriberi occurs with little physical exertion and decreased caloric intake
and may affect peripheral nerves (motor and sensory neuropathy). Wernicke-
Korsakoff syndrome occurs in chronic alcoholics with thiamine deficiency.
Wernicke’s encephalopathy consists of the triad: ophthalmoplegia (and nys-
tagmus), truncal ataxia, and confusion. Untreated encephalopathy progresses
to Korsakoff’s syndrome. Korsakoff’s syndrome consists of impaired short-
term memory and confabulation, with otherwise grossly normal cognition.

VITAMIN BZ—RIBOFLAVIN

Riboflavin, used as a cofactor in the oxidation and reduction of various sub-
strates, is found in milk and other diary products. It serves as a precursor to the

coenzymes flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD).

In the formation of both FMN and FAD, riboflavin reacts with ATP. In the
formation of FMN, riboflavin reacts with a single ATP, yielding FMN and
ADP as a by-product. In the formation of FAD, FMN reacts with a second
ATP molecule, yielding FAD and pyrophosphate as a by-product.

Because of their ability to add/subtract two hydrogen atoms, FMN and FAD
are favored in fatty acid oxidation, amino acid oxidation, and the TCA

CHAPTER 3

' KEY FACT

It is traditional to give thiamine
before glucose in alcoholic patients
to avoid precipitating Wernicke's
encephalopathy (although thiamine
is taken up by cells more slowly than
glucose).
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' KEY FACT

Absence of vitamin B, causes the
two C's:

Cheilosis

Corneal vascularization
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cycle. Riboflavin is also important for erythrocyte integrity, through eryth-
rocyte glutathione reductase, and also for the conversion of tryptophan to
niacin.

Deficiencies in riboflavin, leading to deficiencies in FMN and FAD, clinically
cause glossitis, cheilosis, and corneal vascularization. It may also cause angu-
lar stomatitis, seborrhetic dermatitis, and weakness. Because erythrocyte glu-
tathione reductase is dependent on riboflavin, patients may also have anemia
secondary to red blood cell lysis.

VITAMIN B3—NIACIN

Niacin, found in liver, milk, and unrefined grains, is another coenzyme used
in oxidation and reduction reactions. Niacin appears in the diet as tryptophan,
nicotinamide adenine dinucleotide (NAD) or its phosphorylated form, nico-
tinamide adenine dinucleotide phosphate (NADP), both forms are hydro-
lyzed by intestinal enzymes to form nicotinamide. Intestinal flora convert
NAD and NADP to nicotinic acid. The body is also capable of converting
tryptophan to niacin.

Pharmacologically, nicotinic acid can be a treatment option to decrease total
and LDL cholesterol (and has some effects to raise HDL). Its side effects
include flushing, pruritus (both of which are treated with aspirin), hives, nau-
sea, and vomiting.

Pellagra is the name of niacin deficiency. Patients can get pellagra from lack
of dietary niacin, isoniazid use, Hartnup’s disease, or malignant carcinoid syn-
drome. Pellagra is characterized by diarrhea, dermatitis, and dementia (see
Figure 3-75). If untreated, pellagra can be fatal. Dietary replacement of both
tryptophan and niacin is the treatment.

C

%

73

FIGURE 3-75. Pellagra. Signs of pellagra include hyperpigmented, brittle, cracked, and
scaly skin. (Reproduced, with permission, from Wolf K, Johnson RA, Suurmond D. Fitzpat-
rick’s Color Atlas & Synopsis of Clinical Dermatology, 5th ed. New York: McGraw-Hill, 2005:
457.)
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Hartnup’s disease is a genetic defect in tryptophan membrane transport that
causes intestinal malabsorption and poor renal resorption. Therefore, simple
replacement therapy is insufficient. Similarly, in malignant carcinoid syn-
drome, tryptophan is used for excessive 5-hydroxytryptamine (5-HT) produc-
tion and is less available for NAD synthesis, causing pellagra that is nonre-
sponsive to therapy.

VITAMIN BS—PANTOTHENIC Acip

Pantothenic acid is the major constituent of CoA, and it is found in most
foods. It is a cofactor for acyl transfers (pantothen-A is in the CoA complex).
These reactions take place in the TCA cycle, fatty acid oxidation, acetylations,
and cholesterol synthesis. Deficiency of vitamin B is rare in humans, but may
result in paresthesias or dysesthesias, and gastrointestinal distress.

VITAMIN BG—PYRIDOXINE

A pyridine derivative, pyridoxine, along with pyridoxal and pyridoxamine,
serve as building blocks for PLP, which is the coenzyme involved in amino
acid metabolism (e.g., conversion of serine to glycine). These molecules are
found in wheat, egg yolk, and meats. The coenzyme is responsible for numer-
ous reactions including transamination, deamination, decarboxylation, and
condensation and creation of the liver enzymes AST and ALT.

Although clinical manifestations are rare, a deficiency of vitamin B, can result
in convulsion as well as hyperirritability. Decreased concentrations of vita-
min B, deficiency may occur after use of oral contraceptives, isoniazid, cyclos-
erine, and penicillamine. Too much vitamin B, can cause sensory neuropathy
that is unrelieved when toxicity is corrected.

VITAMIN Bu—COBALAMIN

Animal products (meat or dairy) are the only dietary source of vitamin Bj,.
Absorption of cobalamin starts in the stomach after ingestion. Vitamin B,
bound to animal protein, is released by mechanical and chemical digestion.
The parietal cells, located primarily at the gastric fundus, secrete both hydro-
chloric acid and intrinsic factor in response to the meal. As the cobalamin
is released from the animal protein, it is bound by R protein (haptocorrin),
forming a stable complex in the low pH. The R protein—cobalamin complex
and the secreted intrinsic factor move into the duodenum, where pancreatic
enzymes degrade R protein. The R protein—cobalamin complex is broken
down and allows intrinsic factor to bind By,. The intrinsic factor—cobalamin
complex formed in the duodenum moves toward the distal ileum and binds
to the intrinsic factor—cobalamin receptor expressed on the enterocytes.
Once bound, the entire unit is internalized by the enterocyte. Intrinsic fac-
tor is degraded in the enterocyte, freeing cobalamin. The available cobalamin
is bound to plasma transcobalamin II (TCII) forming yet another complex.
The TClI/cobalamin complex then migrates through the basolateral side of
the enterocyte into circulation, stored in the liver, and made available for B,,-
dependent enzymes.

B,,-dependent enzymes:

Methylmalonyl-CoA mutase (converts proprionyl-CoA to methylmalonyl-
CoA and then to succinyl-CoA)

Leucine aminomutase

Methionine synthase

CHAPTER 3

' KEY FACT

Tryptophan can be converted to
form niacin, serotonin, or melatonin.
In malignant carcinoid syndrome,
the overproduction of serotonin

or 5-HT depletes tryptophan
significantly and competes with the
production of niacin.

' KEY FACT

Three ATPs are used for the
formation of NAD from niacin
(vitamin B uses three ATPs).

Niacin deficiency causes diarrhea,
dermatitis, and dementia (lack of
vitamin By causes the three Ds).

' KEY FACT

Methylmalonyl-CoA is formed in the
catabolism of valine or isoleucine.
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' KEY FACT

Methotrexate inhibits dihydrofolate
reductase and is used to treat

Hodgkin's lymphoma, non-Hodgkin's

lymphoma, lung cancer, breast
cancer, and osteosarcomas.

' KEY FACT

Causes of B, deficiency include:

Pernicious anemia

Chronic gastritis secondary to H.
pylori infection

Gastrectomy

Surgical resection of ileum

Crohn's disease

D. latum (rare)

Blind loop syndrome (rare)

Dietary deficiency (in vegans/rare)

Transcobalamin Il deficiency (rare)
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Cobalamin is used as a cofactor for methionine synthase and methylmalonyl-
CoA synthase. Methionine synthase catalyzes homocysteine to methionine
via a one-carbon transfer from methyl-THF to create THF (see Figure 3-76).
These one-carbon transfers are necessary for de novo synthesis of purines
and work in tandem with folate. Deficiency in cobalamin causes a buildup of
methyl-THF (unconjugated form), which eventually leaves the cell and can
lead to a corresponding folate deficiency.

Vitamin B, deficiency can be caused by a myriad of disorders. Dietary defi-
ciency is rare, because the liver stores large quantities of vitamin B,,. Perni-
cious anemia is a common cause of megaloblastic anemia (MCV greater
than 100 fL). It is typically caused by an autoimmune attack on gastric parietal
cells, which leads to decreased production of intrinsic factor (accompanied by
achlorhydria and atrophic gastritis). Gastrectomy (and similarly gastric bypass
surgery) disrupts secretion of intrinsic factor by gastric parietal cells, leading to
decreased absorption of vitamin B,,. Infectious causes include Helicobacter
pylori, which causes chronic gastritis, Diphyllobothrium latum, in which the
fish tapeworm competes for vitamin B, absorption in the intestine, and blind
loop syndrome, in which bacterial overgrowth also competes for vitamin B,
absorption in the intestine. Structural abnormalities of the terminal ileum
(Crohn’s disease, surgical resection) can cause decreased absorption of vita-
min B,,. Pancreatic insufficiency leads to a decrease in enzymes necessary to
break down the R protein—cobalamin complex, preventing cobalamin to bind
with intrinsic factor. Finally, deficiency of transcobalamin II prevents coba-
lamin from entering systemic circulation.

Clinical signs of vitamin B,, deficiency include a neuropathy characterized
by defective myelin formation and consequent subacute degeneration of the
posterior and lateral spinal columns. This results in symmetric paresthesias
and ataxia, loss of proprioception and vibration senses, and, in severe cases,
spasticity, clonus, paraplegia, and fecal and urinary incontinence. The mecha-
nism for this defect is uncertain, but it may be that lack of vitamin B, causes

N 10-methenyl THF
or
N5-formyl THF

N%1%-methenyl THF

A
/-> Glycine

Serine

Thymidylate

synthase Purines

! DHF > THF <
dTTP Dihydrofolate 4
reductase

_|_ /-> Methionine

MTX Cbl
\ Homocysteine

Methyl THF

FIGURE 3-76. Tetrahydrofolate metabolism. (Modified, with permission, from Kasper
DL, Braunwald E, Fauci AS, et al. Harrison’s Principles of Internal Medicine, 16th ed. New
York: McGraw-Hill, 2005: 602.)
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decreased folate, which in turn decreases methionine levels and leads to
impaired myelin production.

The most evident sign of vitamin B,, deficiency, however, is megaloblastic
change of the red blood cells (seen on a peripheral blood smear) and mean
cell volume (MCV). Elevated MCV (> 110 fL)) and hypersegmented neu-
trophils (lobe count of 4 or greater) indicate deficiency. The megaloblastic
changes due to vitamin B, deficiency are indistinguishable from those due to
folate deficiency; however, only vitamin B, deficiency causes neuropathy.

FoLic Acip

Present in fruits and vegetables, folic acid is required for erythropoiesis and
one-carbon transfers. It is responsible for the conversion of homocysteine to
methionine (where vitamin B, is a cofactor), conversion of serine to glycine
(where By is a cofactor), and conversion of deoxyuridylate to thymidylate
for DNA synthesis, and it is indirectly responsible for purine ring formation
(through its derivatives) (see Figure 3-76).

Folate is maintained in the body via the folate enterohepatic cycle. Dietary
folate (available as polyglutamates) undergoes hydrolysis and reduction from
enzymes on mucosal cell membranes to form monoglutamate. Dihydrofolate
reductase found in the duodenal mucosa methylates the folate and allows it
to be absorbed by enterocytes in the jejunum. Folate then joins with plasma-
binding proteins and travels systemically or to the liver, where it is converted
and secreted in bile back to the duodenum to repeat the cycle.

Causes of folate deficiency include inadequate dietary intake, malabsorp-
tive diseases, liver dysfunction, medications, and states of increased folate
consumption. Inadequate dietary intake is seen in alcoholics or persons who
consume only cooked or boiled (not raw) vegetables because folate is easily
destroyed by heat. Malabsorptive diseases that affect the jejunum, celiac sprue,
sprue, and biliary diseases alter the folate enterohepatic cycle. Hepatic dys-
function, seen in alcoholics and those with liver cirrhosis, also interfere with
the enterohepatic cycle and may interfere with production of plasma-binding
proteins. Medications such as methotrexate and trimethoprim inhibit dihydro-
folate reducatase and decrease absorption of dietary folate. Other medications
(phenytoin) can also interfere with absorption. Finally, pregnancy, hemolytic
anemias, and other states that require a large amount of folate can simply
deplete the available stores of folate and create a relative deficiency because
of increased demand.

Clinical symptoms of folic acid deficiency consist of megaloblastic anemia
(with mucosal changes). However, there are no neurologic sequelae from folic
acid deficiency (in contrast to what occurs with vitamin B, deficiency, which
consists of a megaloblastic anemia and neurologic symptoms).

BioTIN

Biotin is a water-soluble vitamin found in peanuts, cashews, almonds, and
other foods. Intestinal flora also synthesize biotin. Raw egg whites contain
avidin, which binds to biotin, forming a nonabsorbable complex. The bio-
tin coenzyme carries carboxylate and is involved in carboxylation reactions
important for carbohydrate and lipid metabolism. Biotin participates in sev-
eral key reactions including conversion of pyruvate to oxaloacetate (by
pyruvate carboxylase in the TCA cycle) and conversion of propionyl-CoA
to methylmalonyl-CoA (by proprionyl-CoA carboxylase, in synthesis of odd-
chain fatty acids).

CHAPTER 3

' KEY FACT

Folate deficiency leads to
hyperhomocysteinemia (elevated
levels of homocysteine), which leads
to atherosclerosis.
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' KEY FACT

Genetic disorders of collagen
synthesis include osteogenesis
imperfecta and Ehlers-Danlos
syndrome.
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VitTamiN C—Ascorsic AcID

Vitamin C or ascorbic acid is found in citrus fruits. Dietary vitamin C is taken
up in the ileum. It provides reducing equivalents for several enzymatic reac-
tions, particularly those catalyzed by copper- and iron-containing enzymes,
and is linked to increased iron absorption in the intestine. Vitamin C is neces-
sary for proper hydroxylation of proline and lysine used in collagen synthe-
sis. It also serves as an antioxidant and facilitates iron absorption by keeping
iron in its reduced state. Many copper-containing or iron-containing hydrox-
ylases require ascorbic acid to maintain normal metabolism. Dopamine
B-hydroxylase, involved in the conversion of tyrosine to norepinephrine and
epinephrine, requires ascorbate to reduce copper after it has been oxidized
in the reaction. Likewise, proline and lysine hydroxylase are required for
the post-translational modification of procollagen to form collagen, because
hydroxylated residues are required for the formation of stable triple helices
and for cross-linking of collagen molecules to form fibrils.

Scurvy results from vitamin C deficiency. Swollen gums, bruising, anemia,
and poor wound healing are signs of scurvy and are due in part to impaired
collagen formation (see Figure 3-77).

Fat-Soluble Vitamins

ViTAMIN A—RETINOIDS

Vitamin A (e.g., retinol, retinaldehyde, retinoic acid) is found in fish oils,
meats, dairy products, and eggs. B-Carotene, a precursor of vitamin A that is
metabolized by intestinal mucosal cells into retinaldehyde, is found in green
vegetables. Vitamin A in the form of retinol is absorbed into the intestinal
mucosal cells and is transported to the liver via chylomicrons. Vitamin A is
delivered to the rest of the body via prealbumin and retinol-binding protein.

FIGURE 3-77. Ecchymosis secondary to vitamin C deficiency. (Reproduced, with permis-
sion, from Wolff K, Johnson RA, Suurmond D. Fitzpatrick’s Color Atlas and Synopsis of Clini-
cal Dermatology, 5th ed. New York: McGraw-Hill, 2005: 453.)
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Vitamin A combines with opsin in the eye to form rhodopsin in the rod cells
of the retina. A similar reaction produces iodopsin in cone cells. These pro-
teins play a crucial role in sensing light in the retina and are essential for
vision. Vitamin A also has a role in the differentiation and proliferation of
epithelial cells in the respiratory tract, skin, cornea, conjunctiva, and other
tissues.

Deficiency of vitamin A, therefore, causes vision problems, disorders of epi-
thelial cell differentiation and proliferation, and impaired immune response.
Symptoms may include headaches, skin changes, sore throat, and alopecia.
Progression of visual symptoms for vitamin A deficiency are loss of green
light sensitivity, poor adaptation to dim light, night blindness (loss of retinol
in rod cells). Xerophthalmia (squamous epithelial thickening), Bitot’s spots
(squamous metaplasia), and keratomalacia (softening of the cornea) also
occur in vitamin A deficiency. Metaplasia of respiratory epithelia is seen
(often common in cystic fibrosis due to failure of fatsoluble vitamin absorp-
tion) as well as frequent respiratory infections (secondary to respiratory epithe-

lial defects).

Because vitamin A is stored in the liver and is lipophilic, the body can store
large amounts of the vitamin. Toxicity can occur acutely, chronically, or as
a teratogenic effect. Acute toxicity can be caused from a large, single dose of
vitamin A and results in nausea, vertigo, and blurry vision. Chronic toxicity
can manifest as ataxia, alopecia, hyperllpldemla or hepatotoxicity. In the first
trimester of pregnancy, excess vitamin A can be very teratogenic and can lead
to fetal loss.

VITAMIN D—CHOLECALCIFEROL

Vitamin D plays an important role in bone metabolism by regulating plasma
calcium concentrations. Vitamin D is absorbed from dietary sources and is
also synthesized in the skin. Vitamin D absorption is regulated by serum cal-
cium concentrations.

In the presence of UV light, 7-dehydrocholesterol present in the skin is con-
verted to previtamin D. Once previtamin D is formed, it can be converted
to cholecalciferol, which enters the circulation. Before cholecalciferol can be
effective in calcium homeostasis, it must be activated. Activation of cholecal-
ciferol takes place in the liver and the kidney. The liver converts cholecalcif-
erol to 25-hydroxy derivative. The kidney converts the 25-hydroxy derivative
into 1,25-hydroxy vitamin D (calcitriol), its active metabolite. The kidney
also converts 25-hydroxy derivative into 24,25-hydroxyvitamin D, an inactive
metabolite (see Figure 3-78). Vitamin D-binding globulin stores vitamin D
and is also responsible for its systemic transport in the circulation.

Vitamin D maintains the plasma calcium concentration by increasing intes-
tinal absorption of calcium, minimizing calcium excretion in the distal renal
tubules, mobilizing bone mineral in bones. It also stimulates osteoblasts and
improves calcification of bone matrix (and, hence, bone formation). In addi-
tion, vitamin D has various roles in the skin, immune cells (lymphocytes,
monocyctes), thyroid, and parathyroid.

Vitamin D, when activated, behaves like a steroid hormone in that it binds to
the nuclear receptor of cells of interest (intestinal cells, renal cells, and osteo-
blasts) and induces gene expression. It is regulated by a series of feedback
mechanisms involving PTH (parathyroid hormone), calcium, and phosphate.
Low levels of calcium stimulate PTH synthesis and secretion, which in turn

CHAPTER 3

' KEY FACT

The consumption of polar bear
liver, which contains high levels of
vitamin A, resulted in the discovery
of vitamin A toxicity.

' KEY FACT

CalciTRIol works on the TRIad of
intestines, kidneys, and bone to
maintain plasma calcium levels.
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FIGURE 3-78. Various pathways of vitamin D formation. (Modified, with permission, from Ganong WF. Review of Medical Physiol-
ogy, 22nd ed. New York: McGraw-Hill, 2005: 388.)

prompt the conversion of 25-hydroxy derivative to 1,25-dihydroxyvitamin D
(calcitriol). In turn, calcitriol has a negative feedback effect on its own produc-
tion as well as PTH production. In excess, calcitriol also promotes the conver-
sion of 24,25-dihydroxyvitamin D. As previously described, calcitriol acts to
regulate calcium homeostasis. In the presence of excess calcium from either
bone or intestinal absorption, high levels of calcium act to decrease PTH pro-
duction, and high levels of phosphate act to decrease conversion of 25-hydroxy
derivative to 1,25-dihydroxyvitamin D by blocking the lo-hydroxylase (see
Figures 3-79 and 3-80).

Deficiency of vitamin D leads to rickets in children and osteomalacia in
adults, the differences being open (in children) or closed (in adults) epiphy-
seal plates. Rickets results from not receiving enough calcium and phosphate
going to the sites where bone mineralization is taking place.

Clinically, children with rickets show signs of hypocalcemia, bowing of the
lower extremities, and poor dentition. The treatment for vitamin D—-deficient
rickets and osteomalacia is vitamin D therapy. In vitamin D-resistant rickets,
vitamin D repletion does not treat the syndrome, and a genetic abnormality
may be present.

Type I vitamin D-resistant rickets occurs when there is a genetic muta-
tion of lo-hydroxylase. This can be treated with 1,25-dihydroxyvitamin D
by passing the conversion of 25-hydroxy derivative in the kidney. If supple-
mentation of 1,25-dihydroxyvitamin D does not treat the underlying prob-
lem, then the patient has type II vitamin D-resistant rickets.

Type II vitamin D-resistant rickets. The 1,25-dihydroxyvitamin D receptor
is mutated and therefore unresponsive to both vitamin D and calcitriol.
X-linked rickets is entirely due to renal phosphate wasting. In this condi-
tion, 1,25-OHD levels are elevated.
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FIGURE 3-79. Vitamin D target organs and consequent effects. (Modified, with permis-
sion, from Molina PE. Endocrine Physiology, 2nd ed. New York: McGraw-Hill, 2006: 110.)

Excess vitamin D leads to hypercalcemia and all of the sequelae associated
with it (e.g., kidney stones, dementia, constipation, abdominal pain, depres-
sion). Sarcoidosis can lead to excess vitamin D since pulmonary macrophages
can produce calcitriol. Similarly, lymphoma can produce calcitriol.

ViTAMIN E—0-TOCOPHEROL

Vitamin E is a lipid-soluble antioxidant found in sunflower oil, corn oil, soy-
beans, meats, fruits, and vegetables. It can be found in cell membranes and
serves as an antioxidant like glutathione and vitamin C. It is used to react to
the radicals formed by peroxidation of fatty acids. Like other fat-soluble vita-
mins, vitamin E is absorbed in the intestine and travels to the liver via chy-

PTH < ————————— Ca?t «—
AN
N
N
N
P \\\\ Bone
25-OHD; T» 1, 25-(OH),D; —> and —<
_ intestine

< f

|

24, 25-(OH),D5 |

FIGURE 3-80. Vitamin D regulation. Solid lines indicate stimulation. Dashed lines indi-
cate inhibitory. (Modified, with permission, from Ganong WF. Review of Medical Physiology,
22nd ed. New York: McGraw-Hill, 2005: 389.)
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lomicrons to the liver. Fat malabsorption diseases (cystic fibrosis, liver dis-
ease) decrease the amount of vitamin E available. Deficiency of vitamin E
is uncommon, but can cause hemolytic anemia, peripheral neuropathy,
and ophthalmoplegia. In excess, vitamin E can interfere with vitamin K

metabolism.
' KEY FACT

o ) ViTAMIN K—PHYLLOQUINONE
Vitamin K—dependent coagulation

factors are Factors Il (prothrombin),
VII, IX, and X as well as protein C
and protein S.

Vitamin K is found in either vegetable or animal sources (phylloquinone) or
through bacterial flora (menaquinone). It is used by the liver in clotting pro-
teins for the carboxylation of glutamate residues. It forms y-carboxyglutamate
(Gla) in the in the postsynthetic modification of clotting proteins. Prothrom-
bin and Factors VII, IX, and X, and the antithrombotic proteins C and S all
use these residues (see Figure 3-81). They are essential because Gla acts as
a chelator, trapping calcium ions. This allows the clotting proteins to bind to
negatively charged phospholipids at the surface of platelets and to function at

these membranes.
' KEY FACT

The reduced form of vitamin K is oxidized by y-glutamyl carboxylase (and

Supratherapeutic levels of warfarin epoxidase) to form the y-carboxyglutamate (Gla) in the postsynthetic modi-
lead to bleeding (intracranial, fication. The oxidized form of vitamin K or vitamin K epoxide needs to be
gastrointestinal, intraperitoneal), converted back to the reduced form to be used again. Warfarin blocks the
ecchymoses, and skin necrosis. use of the 2,3-epoxide reductase in its reaction with vitamin K epoxide and

NADH (see Figure 3-82). The resulting vitamin K epoxide is solubilized in
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FIGURE 3-81. Procoagulation and thrombolytic coagulation pathways. (Modified, with permission, from McPhee SJ, Ganong WF.
Pathophysiology of Disease: An Introduction to Clinical Medicine, 5th ed. New York: McGraw-Hill, 2006: 120.)
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FIGURE 3-82. Warfarin prevents conversion of vitamin K epoxide to vitamin K. (Modi-

fied, with permission, from Kasper DL, Braunwald E, Fauci AS, et al. Harrison’s Principles of
Internal Medicine, 16th ed. New York: McGraw-Hill, 2005: 683.)

water and excreted from the body. The overall effect is anticoagulation, reduc-
ing the total amount of biologically active coagulation factors.

Vitamin K deficiency is rare in otherwise healthy adults. Symptoms of vita-
min K deficiency are similar to those of warfarin toxicity in that both have an
apparent lack of vitamin K; resulting in a decrease of clotting factor function.
Signs and symptoms of vitamin K deficiency include gastrointestinal bleeding,
intracranial bleeding, ecchymoses, epistaxis, and hematuria.

. Fed versus Unfed State

The pancreas contains both exocrine and endocrine functions. The exocrine
function of the pancreas is performed by acinar cells, which form lobules and
secrete digestive enzymes and bicarbonate-rich fluids into the duodenum.
The endocrine function of the pancreas is responsible for insulin, glucagon,
and somatostatin production and secretion.

Insulin is an anabolic polypeptide hormone (i.e., induces growth through
intracellular processes) produced by the B-cells (75% of total mass of pan-
creatic endocrine cells) of the islet of Langerhans. The o-cells (20% of total
mass of pancreatic endocrine cells) secrete glucagon. Finally, 8-cells (5% of
total mass of pancreatic endocrine cells) secrete somatostatin. The B-cells are
typically located centrally with a-cells and &-cells located around them, allow-
ing for paracrine regulation.

Insulin

Synthesis of insulin, like all hormones, starts in the nucleus. The insulin gene
is transcribed to produce mRNA. The insulin mRNA is translated on RER-
bound ribosomes which produce preproinsulin. This molecule enters the
RER because it contains an N-terminal signal sequence. The signal sequence
is cleaved off in the lumen of the RER to generate proinsulin (see Figure
3-83). Proinsulin contains the “C peptide” region, which links the insulin
o~ and B-chains and allows the protein to fold properly during its formation.
Proinsulin is packaged in a vesicle and sent to the Golgi apparatus, where it is
again cleaved, forming insulin and C peptide. Mature insulin consists of two
polypeptide chains linked together by disulfide bonds. When B-cells are stim-
ulated by increased blood glucose concentration, calcium enters the cells and
triggers exocytosis of secretory granules containing both insulin and C peptide

(see Figure 3-84).

CHAPTER 3

CLINICAL
CORRELATION

K’

Rat poison is a type of
“superwarfarin,” and causes
severe coagulopathy. Treatment
for ingestions is with high doses of
vitamin K.

' KEY FACT

Multiple endocrine, neoplasia
(MEN) type 1 or Werner's
syndrome consists of parathyroid,
pituitary, and enteropancreatic
tumors. Among the pancreatic
tumors are insulinomas

(causing fasting hypoglycemia),
glucagonomas (causing diabetes
mellitus and migratory necrolytic
erythema), and somatostatinomas
(also causing diabetes mellitus,
steatorrhea, and cholelithiasis).
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Proinsulin

C peptide

o-chain
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FIGURE 3-83. Structure of proinsulin and insulin. (Modified, with permission, from Mo-
lina PE, Endocrine Physiology, 2nd ed, New York: McGraw-Hill, 2006: 159.)

Secretory granules (condensation and
storage of insulin)

Microfilaments (contract in response
to Ca2t)

Golgi (packaging of proinsulin into coated
secretory granules, conversion of proinsulin
to insulin)

i

Ca2t
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Small transfer vesicles (transport of proinsulin
to Golgi)
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Nucleus (production of mRNA for preproinsulin
production)

Mitochondrion

Granular endoplasmic reticulum (synthesis of
preproinsulin; this is cleaved by microsomal
enzymes)

FIGURE 3-84. Formation and secretion of insulin. Structural components of the pancreatic B cell involved in glucose-induced
insulin biosynthesis and release. Schematic representation of secretory granular alignment on microfilament “tracks” that contract in
response to calcium.
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Insulin secretion is stimulated by:

Glucose (most important stimulus)

Amino acids (arginine)

Secretin (as well as other gastrointestinal hormones)
Free fatty acids

Ketone bodies

Sulfonylurea drugs (inhibit ATP-sensitive K™ channels)
Cholecystokinin

Acetylcholine

Glucagon

Insulin secretion is inhibited by:

Epinephrine
Norepinephrine
Cortisol

Growth hormone

Insulin serves as an anabolic hormone used by the body to maximize the
storage of dietary glucose in the well-fed state. Its actions serve to decrease
serum glucose levels, and it targets tissues responsible for glucose storage and
utilization. Its main targets are the liver, muscle, and adipose tissues (see Fig-

ure 3-85).

In the liver, insulin:

Inhibits gluconeogenesis
Inhibits breakdown of glycogen
Promotes glycogen synthesis

In muscle cells, insulin:

Promotes glycogen synthesis
Increases glucose entry into cells (mediated by GLUT4 glucose transporters)
Stimulates the entry of amino acids (desirable for protein synthesis)

INSULIN
fatty acids <@ss=== glucose amino acids

| | |

glycogen

triglycerides protein

adipose tissue liver muscle

fatty acids

inhibited by insulin
increased by lasting

increased by feeding and in diabetes

1 stimulated by insulin

FIGURE 3-85. Targets of insulin. Pathways in blue indicate targets that are stimulated by
insulin. Pathways in white indicate targets that are inhibited by insulin. The blue pathways are
increased by feeding, whereas the white pathways are increased by fasting. (Modified, with per-
mission, from Brunton LL, Lazo JS, Parker KL. Goodman and Gilman’s The Pharmacological
Basis of Therapeutics, 11th ed. New York: McGraw-Hill, 2006: 1621.)
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' KEY FACT

Oral glucose has a greater effect on
insulin secretion than does the same
amount of intravenous glucose.

' KEY FACT

In adipocytes, insulin regulates the
entry and metabolism of glucose.
Glucose, once it enters the fat cell, is
converted to glycerol 3-phosphate,
the substrate used for triacylglycerol
synthesis.
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9 CLIN In adipose tissue, insulin:
e CORRELA

Increases glucose uptake/entry into cells (mediated by GLUT#4 transporters)

Hyperkalemia (serum potassium Increases triacylglycerol synthesis

> 5.5 mEq/L) is a serious Decreases triacylglycerol degradation
electrolyte abnormality that can Inhibits activity of hormone-sensitive lipase
cause muscle weakness, ileus, Increases lipoprotein lipase activity
ventricular fibrillation, and death.

Insulin stimulates potassium entry INSULIN SECRETION

into cells and can be used to treat
severe hyperkalemia. Glucose must
be given simultaneously to avoid
hypoglycemia.

Insulin secretion starts with glucose entering the B-islet cells through the
GLUT2 transporter. Glucose is then phosphorylated by glucokinase and
is trapped in the B-cells. The glucose molecule is used to form ATP, which
inhibits the ATP-sensitive potassium channels that are used to pump potas-
sium out of the cell. Retention of intracellular potassium causes the cell mem-
brane to depolarize, which causes an influx of extracellular calcium through
voltage-sensitive calcium channels. The rise in intracellular calcium triggers
the release of vesicles containing insulin and C-peptide (see Figure 3-86).

' KEY FACT
MECHANISM OF ACTION OF INSULIN

Cells that do not require insulin for Insulin binds to the insulin receptor, a tyrosine kinase (once insulin binds to
the uptake of glucose: the external part of the receptor, tyrosine residues on the internal part of the
®  Hepatocyctes receptor become autophosphorylated). Once activated, the tyrosine kinase
m  Erythrocytes phosphorylates insulin receptor substrate (IRS) proteins. The newly acti-
m  Cells of the nervous system vated IRS proteins in turn, activate cellular kinases and phosphatases that
®  Intestinal mucosa vary depending on the type of cell. After insulin binds to its receptor, both
m  Renal tubules
m  Comea
N Blood vessel
ATP sensitive K* channel /1 (\ -
g “ b Voltage-gated
( | Ca channel

ATP— T

U Depolarization E Ins\ulin
0 r\r
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Ca*
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Epinephrine (-)
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FIGURE 3-86. Pancreatic 3 cell insulin secretion.
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are taken up into the cell. Although insulin is then degraded, its receptor may
return to the cell membrane.

Seconds to minutes: Transports glucose into cells.

Minutes to hours: Induces changes in enzymatic activity.

Hours to days: Increases glucokinase, phosphofructokinase and pyruvate
kinase.

Glucagon

Glucagon is a polypeptide hormone secreted by o cells of the pancreatic
islets. Glucagon regulates the actions of insulin and maintains serum glucose
levels. It does so by activation of hepatic glycogenolysis and gluconeogenesis.

Stimuli for glucagon release include:

Hypoglycemia (primary stimulus)
Amino acids
Epinephrine

Release of glucagon is inhibited by:

Insulin

Hyperglycemia

Glucagon:

Activates phosphorylase (causing glycogenolysis)

Increases uptake of amino acids by the liver, providing carbon skeletons for
gluconeogenesis

Has no effect on muscle glycogen stores

Promotes ketone body formation from acetyl-CoA produced by hepatic
oxidation

In all of these actions, glucagon acts via generation of cAMP. See Table 3-23
for a summary of the action of insulin and glucagon.

TABLE 3-23. Summary of Action of Insulin and Glucagon

LIvER

ApiposE TISSUE

MuscLE

Increased by Fatty acid synthesis

insulin Glycogen synthesis

Protein synthesis

Glucose uptake
Fatty acid synthesis

Glucose uptake
Glycogen synthesis
Protein synthesis

Decreased by Ketogenesis Lipolysis
insulin Gluconeogenesis
Increased by Glycogenolysis Lipolysis

glucagon Gluconeogenesis

Ketogenesis

(Reproduced, with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s Illustrated
Biochemistry, 27th ed, New York: McGraw-Hill, 2000: 174.)
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fa) unwonic

When it comes to glucagon'’s effects on
glucose and glycogen storage, you
can consider your glucose all gone
from the liver:

Glucagon = gluc-all-gone.

' KEY FACT

Amino acids cause the release
of both insulin and glucagon. The
release of glucagon opposes the
action of secreted insulin on
cellular intake of serum glucose.

Catecholamines released in the
sympathetic nervous system “fight
or flight” response allow for
elevated serum glucose for use by
muscles, organs, and other
tissues.

' KEY FACT

Epinephrine activates muscle
phosphorylase. Glucagon activates
liver phosphorylase.
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Fatty Acid Metabolism

Lipogenesis occurs in the brain, liver, kidney, lung, and adipose tissue. The
main substrate is acetyl-CoA, and the major product is palmitate. The first
step in the formation of palmitate is the formation of malonyl-CoA. The sub-
' strate, acetyl-CoA, must be produced from citrate, which must be transported
from the mitochondria (where it was created in the citric acid cycle), to the
extramitochondrial cytosol. Acetyl-CoA serves as the substrate for the synthesis
of long-chain fatty acids containing an even number of carbons, and forms
carbons numbers 15 and 16 of the molecule palmitate. Propionyl-CoA, not

acetyl-CoA, acts as the substrate for long-chain fatty acids containing an odd
number of carbons.

Acetyl-CoA carboxylase requires:
NADPH, ATP, Mn2+, biotin, and
carbonate.

Citrate is formed from the condensation of acetyl-CoA and oxaloacetate. The

tricarboxylate transporter allows citrate to travel from the mitochondria to the
' extramitochondrial cytosol. Acetyl-CoA and oxaloacetate are then catalyzed

by ATP-citrate lyase. Well-fed states increase ATP-citrate lyase activity. It is also
One gene encodes all of the the only enzyme used in both fatty acid synthesis and cholesterol synthesis.
enzymes in the fatty acid synthase
complex.

Carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (a
multienzyme protein) takes place in two reactions (see Figure 3-87):

Carboxylation of biotin using ATP.
Transfer of the carboxyl to acetyl-CoA, forming malonyl-CoA.

KEY FACT The fatty acid synthase complex starts with acetyl-CoA joining acetyl transacy-
lase and malonyl-CoA joining malonyl transacylase thus triggering the cycle
, , _ (see Figure 3-93).
Stearyl-CoA is used in the brain

during myelination for sphingolipids.  A¢y].CoA activates the newly formed palmitate so that it can be used by other

processes, including:

Chain elongation

Desaturation
Cholesteryl ester
Acyl-CoA synthetases are found: Fatty acid elongase uses malonyl-CoA and NADPH to attach two carbons to
= InER unsaturated fatty acyl-CoAs at carbon 10.
®  |n peroxisomes
®  On the outer membrane of Fatty Acid Oxidation
mitochondria

Carnitine palmitoyltransferase-l converts long-chain acyl-CoA to acylcarni-
tine. This allows entry into the B-oxidation system of enzymes.

The chain is broken at the bond between the o and B carbons, and is appro-
priately titled B-oxidation (see Figure 3-88). The product (two-carbon units) is
acetyl-CoA; palmitoyl-CoA therefore forms eight acetyl-CoA molecules. Fatty
acids with an odd number of carbon atoms produce acetyl-CoA, until propio-
nyl-CoA (3-carbon), which can be converted into succinyl-CoA.

The FADH and NADH formed from B-oxidation is transported and used in
the electror’transport chain for the generation of ATP. The B-oxidation of one
palmitate produces 106 molecules of ATP.
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FIGURE 3-87. Biosynthesis of long-chain fatty acids. Details of how addition of a malonyl residue causes the acyl chain to grow by
two carbon atoms. (Cys, cysteine residue; Pan, 4-phosphopantetheine.) The blocks shown in dark color contain initially a C, unit derived
from acetyl-CoA (as illustrated) and subsequently the C | unit formed in reaction 5. (Modified, with permission, from Murray RK, Gran-
ner DK, Rodwell VW. Harper’s [llustrated Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 198.)
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FIGURE 3-88. Fatty acid oxidation. 3-Oxidation of fatty acids. Long-chain acyl-CoA

is cycled through reactions 2-5, acetyl-CoA being split off, each cycle, by thiolase (reaction
5). When the acyl radical is only four carbon atoms in length, two acetyl-CoA molecules are
formed in reaction 5. (Modified, with permission, from Murray RK, Granner DK, Rodwell
VW. Harper’s lllustrated Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 189.)
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KETONES

Structure and Classification

In a prolonged fasting state (including overnight fast) in which liver glucose
stores are depleted, the body relies on two chief sources of energy to maintain
blood glucose levels:

Endogenous protein
Triglycerides

These two fuels are broken down into their building blocks at their site
of origin and are then released into the circulation for use by other organs.
Thus, muscle (the chief protein repository) contributes free amino acids,
whereas adipose tissue (triglyceride storage) supplies free fatty acids (FFA) and
glycerol.

The liver utilizes glucogenic amino acids and glycerol for gluconeogenesis;
however, the amount of glucose produced by the fasting body is not sufficient
for the energy needs of the brain. FFA are a rich source of energy, but they
bind to albumin and thus cannot cross the blood-brain barrier to feed the
CNS. The body is unable to convert FFA into glucose (the brain’s favorite
food). Therefore, the liver must convert fatty acids (and ketogenic amino
acids) into ketone bodies, which can be utilized by the brain (see Figure

3-89).

The two ketone bodies made by the liver are acetoacetate and
B-hydroxybutyrate. The term “ketone body” (“ketone” for short) used here is
historical. In fact, only acetoacetate contains ketone functional groups. How-
ever, both are organic acids, and their presence in blood is associated with
lowering of blood pH.

Anabolism

Low insulin/glucagon ratio stimulates the ketogenic pathway:

All the material for ketone body synthesis comes from acetyl-CoA, the
breakdown product of most fatty acids and ketogenic amino acids (see Fig-
ure 3-90).

Two molecules of acetyl-CoA unite with the help of B-ketothiolase, form-
ing acetoacetyl-CoA.

Muscle Glucogenic Liver Brain
|7 amino acids
Protein

Glycerol Gluconeogenesis—> Glucose ——> Glycolysis

Adipose Ketogenic Acetyl-CoA Ketone
amino aCidS/V (and similar) | bodies gesc s

TAG ~—> FFA l

TCA cycle

FIGURE 3-89. Brain energy supply in the prolonged fasting state.
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K( FLASH BACK

The last step of B-oxidation of
odd-chain fatty acids produces a
molecule of propionyl-CoA, which
can contribute to gluconeogenesis.
Thus, odd-chain fatty acids represent
an exception to the rule that fatty
acids cannot be converted to
glucose.

' KEY FACT

Ketone bodies are best thought of
as “acid bodies!

AC
ORWARD

Statins block HMG-CoA reductase,
the committed step in cholesterol
synthesis.
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2 Acetyl-CoA

B-ketothiolase B-ketothiolase (in liver
(in target organ) mitochondria)

Acetoacetyl-CoA

Succinate Acetyl-CoA

HMG CoA Synthase

HMG-CoA reductase
(in cytoplasm)

Acetoacetate:succinyl-CoA CoA HMG-CoA > Steroid Synthesis

transferase (in target organ
mitochondria)

HMG CoA Lyase
(in liver mitochondria)

Succinyl-CoA Acetyl-CoA
Spontaneous reaction (in
blood)
Acetoacetate > Acetone + CO,
NADH+H*
B-hydroxybutyrate dehydrogenase B-hydroxybutyrate dehydrogenase
(in target organ mitochondria) (in liver mitochondria)
NAD*

B-hydroxybutyrate

FIGURE 3-90. Ketone body synthesis.

There is no hydrolase to split this molecule into acetoacetate and CoA, so

a two-step detour must be taken:

1. A synthase enzyme combines acetoacetate-CoA with another molecule
of acetyl-CoA, forming B-hydroxy-B-methylglutaryl-CoA (HMG-CoA),
and a subsequent cleavage by HMG-CoA lysase yields the ketone body

acetoacetate.

2. Reduction with NADH-dependent B-hydroxybutyrate dehydrogenase

provides the second ketone body, B-hydroxybutyrate.

Notice that HMG-CoA is also a precursor for sterol synthesis. The difference
is that all ketone body synthesis takes place in liver mitochondria, whereas
sterols are produced in the cytosol. Formation of B-hydroxybutyrate requires
NADH. Hence, the ratio of [B-hydroxybutyrate| / [acetoacetate| in the blood

reflects the ratio of [NADH] / [NAD™] in the mitochondria.

Blood tests are the most reliable gauge of ketone levels because urine tests
(using nitroprusside strips) only detect acetoacetate. Routine tests do not

typically screen for B-hydroxybutyrate.

Alcohol consumption leads to NADH accumulation, which drives the
conversion of acetoacetate to B-hydroxybutyrate. Hence, ketone levels in

alcoholics may be underestimated if nitroprusside strips are used.

High ketone concentrations often manifest a fruity smelling breath; ace-
toacetate decomposes into acetone, which has a low vapor pressure and is

therefore largely cleared by the lungs.
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Catabolism

Although the brain requires ketone bodies for survival in low glucose states,
virtually all tissues give preference to ketones over other fuels.

Once B-hydroxybutyrate and acetoacetate reach the mitochondria of the
target organ, the former is converted to the latter by B-hydroxybutyrate
dehydrogenase (acting in the opposite direction than in the liver, see Fig-
ure 3-91).

Acetoacetate: Succinyl-CoA transferase subsequently attaches coenzyme A
to acetoacetate, making it a ready substrate for B-ketothiolase.

Thus, each ketone body delivers two units of acetyl-CoA to the target
organ; B-hydroxybutyrate also provides an NADH. Note that synthesis and
subsequent degradation of one acetoacetate molecule results in net energy
loss due to cleavage of one succinyl-CoA molecule.

Ketosis

Fasting ketosis refers to an increase in the concentration of ketone bodies
when liver glycogen is diminished. An overnight fast or high-intensity exercise
is enough to result in ketosis, which becomes more prominent if the subject
is on a low-carbohydrate diet and thus has low liver glycogen stores. Ketosis
alone is not a pathologic process, and a glass of juice (i.e., sugar) is the fastest
remedy.

Alcoholic ketoacidosis presents in chronic alcoholics following episodes of
binge drinking. The hypoglycemia resulting from depleted glycogen and lack
of gluconeogenesis (blocked by high NADH/NAD*) causes mobilization of
fat stores and their conversion to ketones. The resulting acidosis is usually not
life-threatening, but may result in further complications.

Diabetic ketoacidosis (DKA) is a life-threatening condition, which may occur
in type 1 diabetics with poorly controlled blood glucose. With insufficient
insulin available, glucagon and other stress hormones rise, despite high blood
glucose concentration. As seen in Figure 3-91, the liver produces exceptional
amounts of ketone bodies, thus causing a high anion gap metabolic acidosis.
The resulting potassium shift from cells into blood causes hyperkalemia.

High blood glucose levels raise the blood osmolarity. Hyperosmolar diuresis
can ensue, resulting in dehydration and loss of electrolytes, including potas-
sium (see Figure 3-92).

Symptoms of DKA are those of untreated diabetes (polydipsia, polyuria, noc-
turia) and dehydration (dry, warm skin, sunken eyes). Patients often present
with increased respiratory rate and tidal volumes (Kussmaul respirations). As
with all metabolic acidoses, a high respiratory rate is the primary respiratory
compensation.

Typical causes of DKA include not taking insulin (common in teenagers with
DM), infection, and other physiologic stressors that raise cortisol and conse-
quently blood sugar in type 1 diabetics. Treatment includes:

Isotonic 1V saline
Insulin

K* replacement (high blood [K*], but low total body K*)

DKA is rare in type 2 diabetics. The best (though not universally accepted)
explanation is that some insulin is always present in type 2 DM, and thus glu-
cagon levels never rise to the point of permitting accumulation of ketones.

CHAPTER 3

9 CLIN
48 CORRELA

Diabetes mellitus type 1 is an
autoimmune disease in which
B-cells in the pancreas are
attacked. There is virtually no
insulin produced.

In type 2 DM, the pancreas often
produces more insulin than is
normal, but peripheral tissues are
relatively resistant to insulin action.

' KEY FACT

In DKA, potassium shift causes
apparent hyperkalemia, but the
hyperosmolar diuresis results
in actual total body potassium
depletion.

fa) mnwonic

The common causes of high
anion gap metabolic acidosis
are I am SLUMPED:

Isopropyl alcohol
Salicylates

Lactate

Uremia

Methanol

Paraldehyde (paint sniffing)
Ethylene glycol (anti-freeze)
Diabetic ketoacidosis

' KEY FACT

Intravenous fluids are the first-line
treatment for many acute disorders
and should be administered

even before starting an “actual
medication!” However, be careful
in anyone with a history of L sided
heart failure.
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' KEY FACT

Patients with type 1 DM with
poor blood glucose control may
present in DKA. In contrast, those
with poorly controlled type 2 DM
may present with hyperosmolar Increased Increasad ketons|bady

hyperglycemic nonketotic coma gluconeogenesis and low production
(HHNC) glucose utilization

Low
intestine
insulin

Ketosis

Hyperglycemia

Blood Acidosis

hyperosmolality

! ,

Water and K* shift from
electrolyte loss cells into blood
via urine l

Apparent

FIGURE 3-91. Development and consequences of DKA.

LIPOPROTEINS

Function and Structure

Because fat is hydrophobic and does not dissolve in blood, lipids require car-
rier molecules to enter the circulation.

Albumin can carry fat in the form of free fatty acids from adipose tissue.
Fatty acids are “free” in that they are not covalently attached to glycerol,
but they are noncovalently bound to albumin in blood; albumin is not

KEY FACT considered a lipoprotein.
Dietary fat from the intestine and fat from the liver associates with spe-

cialized amphiphilic (detergent-like) proteins, called apolipoproteins.

Lipid + apolipoprotein = lipoprotein. Together with various lipids (cholesterol, cholesterol esters [CE], trig-
Note that apolipoprotein alone does lycerides [TG)], and phospholipids [PL]), the apolipoproteins form
not contain any lipid. lipoproteins.

Lipoproteins are spherical. Like a cell, their shell is formed by PL, choles-
terol, and protein, whereas the core is composed of the more hydrophobic
lipids.
Most lipoproteins are named according to their density. From low- to high-
density:
Chylomicrons < VLDL < IDL < LDL < HDL
In general, higher density implies more protein, more cholesterol, more CE

content, less TG, and smaller particle size. HDL is an exception in that its
cholesterol content is only moderately high (see Table 3-24).
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TABLE 3-24. Lipoproteins

LIPOPROTEIN SCHEMA DensITY (G/ML) DIAMETER (NM) % CHoLESTEROL AND CE/% TG

Chylomicron <0.95 > 100 8/83

VLDL 1.00 60 22/50
SRR
B-100
ey
[eeseeseese ey
IDL 1.01 30 29/31
SEEES B_100
esceocse ont

LDL 1.04 20 45/9
% JosUoosVee
B-100
QSRR
HDL

1.14 10 30/8
Evoad
A1 \j"o"@ A1 ]
N4

IDL = intermediate-density lipoproteins; HDL = high-density lipoproteins; LDL = low-density lipoproteins; VLDL = very-low-density
lipoproteins.

CHYLOMICRONS AND REMNANTS [‘) CLINICAL
° C

The dietary lipids (mostly TG, some cholesterol) in the cytoplasm of SREECRIIEN
enterocytes enters the ER, where they co-assemble with a freshly trans-
lated, large apolipoprotein, called ApoB-48, and a smaller protein ApoA-1.
The resulting lipoprotein is called chylomicron. “Chylo-,” because these
particles enter the lymphatic (chyle) vessels and the thoracic duct before
actually reaching blood (see Figure 3-92A and B).

When a chylomicron meets an HDL particle, they exchange ApoA-1 for
ApoC-2 (Figure 3-92C).

ApoC-2 is a cofactor for lipoprotein lipase (LPL), so that when chylomi-
crons reach muscle and adipose tissue, LPL cleaves the TG content. The
resulting fatty acids are taken up by muscle or adipose cells then either
stored or B-oxidized. Note that LPL is on the apical membranes of the
blood vessel endothelium (not on or in the adipose/muscle cells), so this
enzyme digests the chylomicrons already in the blood (see Figure 3-92D).
As TG, but not PL leave the lipoprotein, a relative buildup of PL results
in large amount of surface shell and a small core. To avoid rupture of an

Familial hypercholesterolemia
results from dysfunctional LDL
receptors. LDL cannot be removed,
cholesterol levels spike, and
patients suffer from premature
atherosclerosis.
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Chylomicron flow Schema of main event Description
Apolipoproteins Chylomicrons are
Intestine + e synthesized in
Dietary lipids enterocyte ER.
A
Lymph

Chylomicrons
exchange ApoA-1 for
ApoC-2 with HDL.

Blood

LPL, activated by
ApoC-2, cleaves TG.
The products are re-
esterified in the target
cell, e.g. an adipocyte.

) FFA + 2-

acylglycerol

Blood vessels in
target organ

TG Meanwhile, PLTP
and CETP mediate
lipid exchange
between HDL and the
chylomicron.

Vessel Lumen Adipocyte

Depleted chylomicrons
exchange ApoC-2 for
ApoE and become
“remnants.”

Blood

Liver endocytoses
chylomicron remnants
(CR) in an ApoE-
dependent and/or
ApoB-dependent
fashion.

Liver

Hepatocyte

FIGURE 3-92. Chylomicrons and important events in their life cycle.

enzyme, phospholipid transfer protein (PLTP) moves PL from chylomi-
crons to HDL.

In addition, blood contains cholesterol ester transfer protein (CETP),
which moves TG from chylomicrons to HDL, and CE in the opposite
direction.

Once most TGs have been lost to LPL digestion, the chylomicron returns
ApoC2 to an HDL particle, so that no further cleavage takes place. In
exchange, HDL provides yet another apolipoprotein, called ApoE. The
resulting shrunken, TG-depleted, CE-enriched, ApoE-labeled lipoprotein

is known as the chylomicron remnant (Figure 3-92E).
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The remnants are ready to leave the circulation by entering the liver (Fig-
ure 3-93F). Hepatocytes have two receptors for chylomicrons. The LDL
receptor requires both ApoE and ApoB-48 (or B-100) to bind. The LRP
receptor is specific for ApoE-labeled chylomicrons. So even when LDL
receptors are not functional, as in familial hypercholestrolemia, chylomi-
cron remnants do not accumulate, because of suthicient LRP activity.

VLDL, IDL, Anp LDL

Like the intestine, the liver packages all of its would-be secreted lipids into
lipoproteins, called very-low-density lipoproteins (VLDL). VLDL is the hepa-
tocyte’s analog to the enterocyte’s chylomicrons, with a few differences:

The main VLDL apolipoprotein is the larger ApoB-100 (not ApoB-48).
Although VLDL still contains more TG than cholesterol, it has a higher
cholesterol content than do chylomicrons.

The lipids packaged into VLDL are synthesized in the liver. This contrasts
with the lipids in chylomicrons, which are from the diet.

The VLDL remnants are called intermediate-density lipoproteins (IDL).
Although IDL can be taken up by the liver, it often loses some of its ApoE,,
and shrinks even further, resulting in LDL.

Liver’s LDL receptors can still recognize LDL. However, LDL also tends
to cross the endothelium into various tissues. In capillaries, this is not a
problem, but in large arteries, LDL can get trapped and oxidized in the
vessel intima. Oxidation of LDL renders it recognizable by macrophages
as a pathogen (scavenger receptors), resulting in endocytosis and forma-
tion of foam cells. Thus begins atherosclerosis.

HDL

High-density lipoproteins (HDL) differ from the other lipoproteins in the
following:

HDL contains no large apolipoprotein (such as ApoB-48 or B-100).
ApoA-1 is the most characteristic protein.

HDL is not synthesized in the ER (exact site of synthesis unknown, prob-
ably at least part of its synthesis is in the plasma).

HDL, commonly referred to as the “good cholesterol,” has multiple functions
(see Figure 3-93):

Cholesterol collection: Cells secrete cholesterol using a pump called
ABCI. HDL then collects this peripheral cholesterol, using the plasma
enzyme lecithin: cholesterol acyl transferase (LCAT).

LPL activation: HDL supplies ApoC-2 to chylomicrons and VLDL in
exchange for ApoA-1. Hence, the TGs in these large lipoproteins can be
digested by LPL.

Lipoprotein size control: Takes up excess phospholipids from other lipo-
proteins via phospholipid transfer protein.

Refills lipoproteins with CE: HDL supplies CE to other lipoproteins in
exchange for TG via CETP.

Provides the “exit” signal: HDL supplies ApoE to depleted chylomicrons
and VLDL in exchange for ApoC-2. Hence, the remnant lipoproteins
(chylomicron remnants and IDL) can leave circulation.

Because liver endocytoses and degrades a portion of HDL particles, there is a
net flow of cholesterol from peripheral tissues into the liver. This is referred to
as the “reverse cholesterol transport.” Notice that the enzyme CETP “short-
circuits” this transport, by feeding the HDL cholesterol back into the tissue-

CHAPTER 3

K( FLASH BACK

The primary DNA transcript (pre-
mMRNA) typically undergoes some
modifications before exiting the
nucleus as a finalized mRNA. The
two main types of such post-
transcriptional processing are
alternative splicing (variable
intron excision) and nucleotide
editing. An example of the latter
is seen with the intestinal ApoB
pre-mRNA, which undergoes
deamination at C6666 (resulting
in U6666). This introduces a stop
codon into the mRNA sequence so
that only 48% of the full sequence
gets translated—hence the name
ApoB-48. No such editing occurs in
the liver, which produces the full-
length ApoB-100.

' KEY FACT

HDL is the “good cholesterol.”
It collects peripheral cholesterol,
including that of atherosclerotic
plague, and brings it back to the
liver.

9 CLIN
48 CORRELA

In Tangier disease, there is

no functional cholesterol pump
(ABC1). HDL levels are therefore
low, but cholesterol accumulates in
the intracellular milieu.

9 CLIN
48 CORRELA

High LDL is correlated with
increased CHD risk, whereas high
HDL is correlated with a lower risk.
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Cholesterol transport Lipoprotein maintenance

peripheral tissues

Larger
lipoproteins

Cholesterol PL

—> CE —
@ lipoproteins PL

9 CLINICAL
° CORRELATION
Causes of higher HDL:
®  Estrogen. High HDL is expected Larger

. lipoproteins
in all premenopausal women 220
(especially those taking oral

contraceptives).
Excessive alcohol consumption. FIGURE 3-93. High-density lipoproteins (HDL). The functions of HDL can be split into
Niacin, fibrates. two main categories: cholesterol transport and maintenance of other lipoproteins.

targeted lipoproteins. Consequently, drugs inhibiting CETP can be expected

to lower peripheral cholesterol and are currently in clinical trials.

CLINICAL
[ CORRELATION

LipAsks
Orlistat is a weight-reducing drug Lingual and gastric lipases only partially digest dietary TG. Their primary
that blocks pancreatic lipase. purpose is to emulsify the lipids for further digestion.

Pancreatic lipase, present in the small intestine, cleaves TG at positions 1 and
3, giving rise to FFA and 2-monoacylglycerol. These products then enter the
[ CLINICAL enterocyte and re-esterify into a T'G that can be exported in a chylomicron.

CORRELATION

Lipoprotein lipase (LPL) mediates the same reaction as pancreatic lipase.
Elevated pancreatic lipase is a more However:
specific sign for acute pancreatitis

: . LPL is present on vascular endothelium of adipose and muscle.
than is elevated pancreatic amylase.

It requires ApoC-2 as a cofactor.
LPL activity decreases when insulin levels rise.

The TG substrate comes from VLDL and chylomicrons.

»m‘- Once again, the products of LPL digestion (FFA and 2-acylglycerol, which
SRULARE then become FFA and glycerol) enter the target cells. The myocytes use the
FFA to fuel their B-oxidation, whereas adipocytes re-esterify them back to TG
for storage. A minor point is that in this re-esterification the adipocyte uses
its endogenously synthesized glycerol phosphate from adipocyte carbohydrate

metabolism. The glycerol from the LPL cleavage actually travels back to the
liver.

Fibrates (clofibrate, gemfibrozil,
fenofibrate) are a class of lipid-
lowering drugs that activate
peroxisome proliferator—activated
receptor-o. (PPAR-o), causing an
increase in LPL activity. Therefore,
fibrates decrease blood TG, but have
little effect on plasma cholesterol

Hormone-sensitive lipase is an intracellular enzyme, mainly present in
adipocytes.

levels. It is induced in response to stress hormones such as glucagon, adrenocorti-
cotropic hormone (ACTH), epinephrine, and norepinephrine.
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These hormones raise intracellular cAMP concentrations, and hence PKA
activity.

PKA phosphorylates hormone-sensitive lipase, thus activating the cleav-
age of stored TG into FFA and glycerol. These then enter the bloodstream
and, mostly attached to albumin, travel back to the liver.

Insulin inhibits this activation by favoring dephosphorylation of the
enzyme.

Hepatic TG lipase degrades TG from IDL and chylomicron remnants previ-
ously endocytosed by the liver.

Note that LPL, and hormone-sensitive lipase both respond to insulin, though
in opposite ways. However, their roles in diabetes are still being elucidated

(see Tables 3-25 and 3-26).

Dyslipidemias

A standard lipid profile measures LDLc (LDL cholesterol), HDLc (HDL cho-
lesterol), total cholesterol, and TG in blood. Any significant difference from
normal values constitutes a dyslipidemia.

High LDLc and low HDLc are well-established risk factors for atheroscle-
rosis and coronary artery disease. High T'G is probably less important.

Very high LDLc may also cause cholesterol to be deposited in skin or ten-
dons (xanthomas), eyelids (xanthelasma), and cornea (arcus senilis).

TABLE 3-25. Key Proteins Involved in Lipoprotein Turnover

PROTEIN LOCATION FuNCcTION

ApoB-48 Chylomicrons Structural, chylomicron transport from small
intestine — lymph — blood to bind LDLR.

ApoB-100 VLDL, IDL, LDL Structural, transports liver apoliprotein (VLDL)
—> peripheral LDLR.

ApoA-1 HDL Cholesterol collection and activation of LCAT.

ApoC-2 VLDL, chylomicrons Lipoprotein lipase cofactor, release FA/glycerol
from chylomicrons, VLDL, LDL.

ApoE IDL, chylomicron remnants  Binds to LDLR, helps lipoproteins exit blood
into liver.

PLTP Blood Moves phospholipids from large lipoproteins
to HDL.

CETP Blood Exchanges CE for TG between HDL and large
lipoproteins.

LCAT Blood Allows HDL to collect cholesterol.

ABC1 Cellular membrane Secretion of cholesterol by tissues.

CE = cholesterol esters; HDL = high-density lipoproteins; IDL = intermediate-density
lipoproteins; LCAT = lecithin cholesterol acyl transferase; LDL = low-density lipoproteins; LDLR
= low-density lipoprotein receptor; TG = triglycerides; VLDL = very-low-density lipoproteins.

CHAPTER 3




GRS GCI BIOCHEMISTRY

TABLE 3-26. Important Lipases

Lingual, gastric lipases Saliva, stomach Fat emulsification.
Pancreatic lipase Pancreatic juice Fat absorption by intestine.
Lipoprotein lipase Endothelium Fat absorption by muscle
and adipose.
Hormone-sensitive lipase Adipocyte cytoplasm Release of fat during fast.
Hepatic TG lipase Hepatocyte cytoplasm Remnant TG IDL digestion.

IDL = intermediate-density lipoproteins; TG = triglycerides.

In most dyslipidemias, LDLc, HDLc, and TG are altered simultaneously.
Isolated changes in one lipid are less common and are usually indicative of
familial dyslipidemias.

Primary causes of elevated blood lipids:

Polygenic hypercholesterolemia (i.e., family history)
Familial dyslipidemias (often present with isolated lipid elevations)
Gender (male > female) and age (increase with age)

Secondary causes of elevated blood lipids:

Saturated fat, trans fat, cholesterol, and carbohydrates in diet
Lack of exercise (low HDLc)

ASH High body mass index (BMI)
» DRWA :_ Metabolic syndrome and diabetes (low HDLc, high TG, LDLc usually
. normal)
Smoking may cause a decrease AIDS (high TG owing to HIV infection and to treatment)
in HDLc, which is a risk factor Smoking (low HDLc)
for coronary artery disease. Hypothyroidism (due to reduced LDL receptors)
However, smoking also causes Nephrotic syndrome
damage to vessel walls, which is Anorexia nervosa and stress
an independent risk factor for
coronary artery disease. Causes of decreased lipid levels are:

Infections, malignancies, hematologic disorders

Liver disease

Hyperthyroidism

Genetic disorders (Tangier’s disease and abetalipoproteinemia)

[? C ORRCELI.IR" Selected pathologic states are discussed below.

Diabetes (types 1 and 2) can cause hyperglycemia, which in turn causes:

Xanthomas are accumulations of

lipid-laden macrophages in tissues. Increased VLDL synthesis, and impaired VLDL and chylomicron removal.
Erruptive xanthoma = high TG Thus, TG accumulates in the plasma.

Tendinous xanthoma = high Decreased turnover of lipoproteins causes HDLc levels to decrease.
cholesterol LDLc usually stays normal.

Palmar xanthoma = First treat diabetes. If that fails to correct lipids, start lipid-lowering drugs.

dysbetalipoproteinemia

See Table 3-27 for a summary of familial hyperlipidemias.




TABLE 3-27.

FAMILIAL DYSLIPIDEMIA

Characteristics of Familial Dyslipidemias

LiPOPROTEINS ELEVATED

BIOCHEMISTRY

Lipips ELEVATED

PATHOPHYSIOLOGY

CHAPTER 3

MAIN COMPLICATION

Type I:
Hyperchylomicronemia

Chylomicrons

Cholesterol:+
TG:+++

ApoC-2 or LPL deficiency

Pancreatitis, no
atherosclerosis

Type lla: LDL Cholesterol:+++ LDL receptor deficiency Atherosclerosis
Hypercholesterolemia TG: no change
Type IIb: Combined VLDL, IDL Cholesterol:+++ VLDL overproduction Atherosclerosis

hyperlipidemia

TGi+++

Type llI:
Dysbetalipoproteinemia

IDL, chylomicron remnants

Cholesterol:++
TG:++

ApoE deficiency

Atherosclerosis

Type IV:
Hypertriglyceridemia

VLDL

Cholesterol: +
TG:+++

VLDL overproduction

Atherosclerosis

Type V: Mixed
hypertriglyceridemia

VLDL, chylomicrons

Cholesterol:+
TG:+++

VLDL overproduction

Pancreatitis, no
atherosclerosis

FA = fatty acids; IDL = intermediate-density lipoproteins; LDL = low-density lipoproteins; LPL = lipoprotein lipase; TG = triglycerides; VLDL =

very-low-density

lipoproteins.

Familial hyperchylomicronemia (type ) is a rare disease.

Lack of LPL or its cofactor, ApoC-2, prevents the breakdown of chylo-
microns, and their TG content in particular. Hence, TG accumulates in
blood.

Since no treatment is available, patients must avoid fatty food for life.
Acute pancreatitis and eruptive xanthomas are major complications,
whereas atherosclerosis is usually not a problem.

Familial hypercholesterolemia (type Ila) is an autosomal dominant disease.

Usually results from a defective LDL receptor (or ApoB-100). The choles-
terol-laden LDL particles cannot be reclaimed by the liver (unlike chylo-
micron remnants, which are still recognized by the LRP receptor).
Not only does LDL accumulate in the blood, but liver cholesterol synthe-
sis is deprived of negative feedback, which further contributes to high cho-
lesterol levels.
Homozygous patients have extreme levels of blood LDL cholesterol
(LDLc > 600 mg/dL) and suffer from severe premature atherosclerosis and
coronary artery disease, which tends to be the cause of death before age 30
(without treatment).
Heterozygotes have a slightly better prognosis, with LDLc of 200-400
mg/dL.
Tendon xanthomas, particularly on Achilles tendon, are fairly pathognomonic.
Treatment consists of:

Healthy diet

Cholesterol-lowering drugs (statins, niacin, cholestyramine but not

fibrates)

LDL apheresis (a weekly plasmapheresis, used in homozygous patients)

Portocaval anastomosis (mechanism unknown)

Liver transplantation (the ultimate measure)

' KEY FACT

LDL receptor mutations are either
null (complete absence of the
gene product) or affect receptor
trafficking (either to or from the
membrane). The actual affinity for
LDL tends not to be affected.

A
» DRWARD

There are five main classes of lipid-
lowering drugs:

Resins and ezetimibe: Lower
cholesterol

Fibrates: Lower TG

Niacin and statins (especially
atorvastatin): Lower cholesterol and
TG
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Familial combined hyperlipidemia (type IIb) is a fairly common autosomal

- dominant disease.
»m. _ Liver overproduces VLDL. Consequently, VLDL, LDL, or both accumu-

late in blood.

As a result, TG, cholesterol, or both can be elevated.

As with type Ia, patients can get atherosclerosis and coronary artery disease.
Likewise, the treatment consists of diet, exercise, and lipid-lowering drugs,
which may include fibrates to lower TG (unlike with type Ila, for which
their application is of little usefulness).

Think of niacin as the opposite
of hyperlipidemia type IIb. This
drug lowers TG and cholesterol by
inhibiting VLDL secretion.

Dysbetalipoproteinemia (type III) is an autosomal recessive disease.

It is also known as remnant removal disease because lipoproteins lack
functional ApoE and cannot “exit” the bloodstream.

This is not sufficient to cause any pathology, but a concomitant condition
(e.g., obesity) can cause dysbetalipoproteinemia to manifest itself.

Both blood TG and cholesterol become high, since chylomicron remnants
and VLDL remnants (i.e., IDL) accumulate.

Patients present with palmar xanthomas (fairly pathognomonic) and
atherosclerosis.

Exercise, diet modification, and lipid-lowering drugs reduce the risk of
atherosclerosis.

Familial hypertriglyceridemia (type IV) is a common autosomal dominant
disorder.

As in type IIb, there is an elevation in VLDL production, but TG accumu-
lates in preference to cholesterol.

There is some association with insulin resistance.

Risk for IHD and atherosclerosis can be reduced with TG-lowering drugs,
diet change, and exercise.

Familial mixed hypertriglyceridemia (type V) is an uncommon mixture of
types I and IV familial dyslipidemias.

VLDL and chylomicrons are elevated, probably as a result of overproduc-
tion. TG levels are high, whereas cholesterol concentration increases only
moderately.

Like type I, but unlike type IV, there is no major risk of atherosclerosis, so
that pancreatitis and eruptive xanthomas remain the main complications.

Tangier disease is a rare autosomal recessive disorder.

It is found in communities in Virginia.

Tangier’s disease is due to lack of ABCI1 cholesterol transporter gene.
Cholesterol accumulates inside cells.

Blood HDL and cholesterol are low.

The disease is characterized by atherosclerosis (compare with other dyslip-
idemias), hepatosplenomegaly, polyneuropathy (compare with metabolic
storage diseases), and pathognomonic orange tonsils.

No specific treatment. Enlarged organs are sometimes excised.

Abetalipoproteinemia is a rare autosomal recessive disease.

Cells are unable to make functional ApoB-48 and ApoB-100, resulting in a
deficiency of most lipoproteins.

Lipids and lipid-soluble vitamins (especially A and E) are poorly absorbed
(steatorrhea).
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CNS disease —vitamin deficiency causes progressive neurologic and optic
degeneration.

Hemolytic anemia—Ilipid imbalance causes RBC membranes to pucker
(acanthosis).

No treatment other than vigorous vitamin supplementation.

SPECIAL LIPIDS

Cholesterol

The highly lipophilic core of cholesterol contains several carbon rings and
very few polar hydroxyl substituents; hence, it is poorly soluble in water. Cho-
lesterol is found in:

Plasma in the core of VLDL and LDL. It is mostly esterified to a fatty acid.
In all plasma membranes, conferring rigidity (lipid rafts).
In bile, where it is solubilized by phospholipids and bile salts.

Although all cells can synthesize cholesterol, some cells are able to further
process it to:

Steroids (adrenal cortex, ovary/testes, placenta)
Vitamin D (skin, then liver and kidney)
Bile acids (liver, then intestinal bacteria)

ANABOLISM

Cholesterol synthesis can be characterized by a few major enzymatic conver-
sions (see Figure 3-94):

Cholesterol synthesis begins with conversion of three molecules of acetyl-
CoA into HMG-CoA. The reactions are the same as in ketone body syn-
thesis except that they occur in the cytoplasm.

HMG-CoA reductase, the rate-limiting enzyme in cholesterol synthesis,
converts HMG-CoA to mevalonic acid. This enzyme is anchored to the
ER and utilizes two molecules of NADPH per reduction.

Mevalonic acid then gives rise to either isopentenyl pyrophosphate (IPP)
or dimethylallyl pyrophosphate (DPP). IPP and DPP are known as acti-
vated isoprene units.

IPP and DPP combine, forming geranyl pyrophosphate (GPP).

3 Acetyl-CoA

v

HMG-CoA __ > NADPH

HMG-CoA reductase

Mevalonic acid 2 NADP*

PN

IPP DPP

\K—/

GPP

l/ IPP

FPP_Fpp

Squalene

— T

Cholesterol Ergosterol

FIGURE 3-94. Cholesterol synthesis. DPP, dimethylallyl pyrophosphate; FPP, farnesyl
pyrophosphate; GPP, geranyl pyrophosphate; IPP, isopentenyl pyrophosphate.
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Statins are HMG-CoA reductase
blockers.
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Terbinafine inhibits the
conversion of squalene to
lanosterol (step 7) in fungi. It is
a useful antifungal, especially for
treating onychomycosis.

Imidazole and triazole

antifungals (fluconazole,
ketoconazole, etc.) inhibit
conversion of lanosterol to
ergosterol in fungi. They are
important P-450 inhibitors.
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The triple screen (an assay of
blood a-fetoprotein, B-human
chorionic gonadotropin, and
estriol) detects congenital
abnormalities in a second-
trimester fetus.

Estriol can also be detected in
urine during third-trimester
gestation and indicates general
well-being of the fetus. A low
E3 level can indicate serious
congenital diseases, including
Down's syndrome.

BIOCHEMISTRY

GPP and IPP combine, forming farnesyl pyrophosphate (FPP).
Two FPP molecules combine, forming squalene.

Squalene then cyclizes, forming lanosterol.

Finally, lanosterol is converted (via several steps) into cholesterol.

Plants and fungi convert lanosterol to ergosterol, a cholesterol analog.

CHOLESTEROL DERIVATIVES

Most cholesterol in the body actually exists in the form of CE. These are usu-
ally formed with a fatty acid.

Steroid hormones are derivatives of cholesterol (see Figure 3-95). The main
adrenal cortical hormones are dehydroepiandrosterone and its sulfate
(DHEA and DHEA-S, respectively), cortisol, and aldosterone. Androstene-
dione and testosterone are produced by theca and Leydig cells. In women,

granulosa cells along with several extraovarian tissues use aromatase to convert
these androgens to estrogens. Similarly, in men, Sertoli cells convert testoster-
one to dihydrotestosterone (DHT).

9 CLINI
48 CORRELA

Congenital deficiency in any of the
“numbered” enzymes in Figure
3-101 leads to serious disease.
Missing enzymes 3, 11, 17, or
(most commonly) 21 present as
the various forms of congenital
adrenal hyperplasia (CAH).
5o-reductase deficiency in
genetic males results in ambiguous
genitalia that virilize during puberty.

Additional steroid hormones, especially estriol (E3) are produced by the pla-
centa, which uses fetal DHEA as its substrate.

Another cholesterol derivative, 7-dehydrocholesterol, is converted to chole-
calciferol (vitamin D) in skin upon UV light exposure. Subsequent hydroxy-
lations in hver and kidney produce the biologically active 1,25-dihydroxy-
cholecalciferol, known as calcitriol (see Figure 3-96). Note that irradiation of
the plant lipid ergosterol produces vitamin D,, which can undergo the same
set of hydroxylations, but displays lower activity than vitamin Ds.

Liver also converts cholesterol into bile salts (see Figure 3-97). These deter-
gents are secreted into the intestine (in bile) and render dietary fat more

C21 Mineralocorticoids C21 Glucocorticoids C19 Androgens C18 Estrogens

Cholesterol —> Pregnenolone —> 17-hydroxypregnenolone = Dehydroepiandrosterone
ocoe ocoe (DHEA)

[2J8 s Ely
Progesterone @> 17a-hydroxyprogesterone o >  Androstenedione @ > Estrone (E1)
[21{8 i I

Testosterone >

® Estradiol (E2)

11-deoxycorticosterone 11-Deoxycortisol

8 ¥ [B]v°

Corticosterone Cortisol Dihydrotestosterone
i‘ (DHT)
Aldosterone

© Zona glomerularis

© Zona fasciculata

O Zona reticularis

@ Theca and leydig cells

O Sertoli cells

@ Granulosa cells and various other tissues

FIGURE 3-95. Steroid hormone synthesis. 3, 3B-hydroxysteroid dehydrogenase; 5, o-reductase; 11, 11B-hydroxylase; 17,
17B-hydroxylase; 21, 21B-hydroxylase.
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7-Dehydrocholesterol
Skin

\ 4

Cholecalciferol (vitD3)

Liver

25-Hydroxycholecalciferol

Kidney
A 4

1,25-Dihydroxycholecalciferol
(calcitriol)

FIGURE 3-96. Vitamin D metabolism.

absorbable. Although the intestine reclaims most bile salts (enterohepatic cir-
culation), some are excreted. Therefore, bile excretion is one of the body’s
ways of reducing cholesterol load.

Liver forms the primary bile salts, cholate and chenodeoxycholate, in its
smooth ER and mitochondria. The primary salts are secreted only after
conjugation to taurine or glycine, which improves their solubility.

After cecal and colonic bacteria deconjugate the primary salts, they
proceed to modify them into secondary and tertiary bile salts. Cholate
becomes deoxycholate, whereas chenodeoxycholate turns into ursodeoxy-
cholate and the highly insoluble lithocholate.

Most bile salts are reclaimed and reconjugated by the liver. In addition,
sulfation of lithocholate also occurs in hepatocytes. The resulting sulfo-
lithocholate is not reclaimed by the intestine, thus constituting an impor-
tant “leak” in enterohepatic circulation.

Glycerophospholipids and Sphingolipids
STRUCTURE AND FUNCTION

Glycerophospholipids and sphingolipids can be thought of as substituted glyc-
erol molecules. Fatty acids usually attach to two of the glycerol carbons, leav-
ing the third carbon with a polar group. Therefore, most of these lipids are
amphiphilic and consequently ideal constituents of lipid bilayers. See Figure
3-98 for a summary of their structures.

Cholesterol
Liver Liver
Cholate Chenodeoxycholate } .
Primary
Bacteria l Bacwe o

Deoxycholate Lithocholate

[7-oxolithocholate] } Secondary

Liver Bacteria

Sulfolithocholate Ursodeoxycholate } Tertiary

FIGURE 3-97. Bilesalts.
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Ursodeoxycholate (Ursodiol) is
used in treatment of radiolucent
gallstones. It not only solubilizes
cholesterol, but also inhibits

its production. However,
cholecystectomy is usually the
preferred treatment, so ursodiol is
reserved mostly for poor surgical
candidates.
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Glycerophospholipids

Glycerol

Sphingomyelins Ceramides

Glycosphingolipids <—— Sphingosine

E- O S

@EELE
o) e e > E-

(e e ()

FIGURE 3-98. Glycerophospholipids, sphingolipids, and their backbone molecules. Choline is used here as an example of a polar
head group component and can be replaced by several others, such as ethanolamine, inositol, and serine. Polar groups are blue and lipho-

philic groups are brown.

» A 1- GLYCEROPHOSPHOLIPIDS
ORWARD C2 and C3 carry esterified fatty acids.

PIP, is an important membrane
phospholipid, cleaved by PLC into
IP; and DAG. PLC responds to

G, a G-protein subunit activated
by: muscarinic, angiotensin, o;-
adrenergic, 5-HT,, 5-HT,, TRH, and
vasopressin V, receptors.

C1 carries a polar head group, consisting of a phosphate coupled to a
polar molecule such as choline, ethanolamine, serine, or inositol. The
resulting phospholipids are named accordingly: phosphatidylcholine,
phosphatidylethanolamine, and so on.

The synthetic pathways vary depending on the phospholipid. Note that the
phosphate group is often derived from cytidine triphosphate (CTP) (rather
than ATP).

SPHINGOLIPIDS

9 CLINI
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Lecithin and sphingomyelin are key
components of lung surfactant,
and their ratio (L:S) is a predictor
of fetal viability. Premature infants
born at < 37 weeks of gestation
with a L:S < 2.2 have an increased
risk for neonatal respiratory distress
syndrome.

C3 carries a carbon chain (attached directly, not as an ester).
The alcohol group on C2 is changed into an amine. In some sphingolip-
ids, this amine condenses with a fatty acid, thus becoming an amide.
A glycerol molecule with the above modifications (carbon chain on C3
and C2 alcohol changed to amine) is called sphingosine.
C1 carries a polar head group, which varies widely among the different
sphingolipids:
Ceramides use a plain alcohol group as their polar heads.
Just like glycerophospholipids, sphingomyelins use a phosphate cou-
pled to another polar molecule, including choline, ethanolamine, and
others.
Glycosphingolipids carry a sugar on their C1 and are subdivided into
cerebrosides and gangliosides.

LYSOSOMAL STORAGE DISEASES

These diseases include sphingolipidoses, mucopolysacchardoses, mucolipi-
doses, and the type II glycogen storage disease (Pompe’s disease). Their “tax-
onomy” is summarized in Figure 3-99.
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Glycogen storage Lysosomal
diseases storage diseases

'

| “Other” | |Muco|ipidoses| |Mucopolysaccharidoses| |Sphingolipidoses‘

v v

Type | : Von Gierke’s | Type IIl: Pompe’s | | I-cell disease | Hurler's Fabry’s
Type lll : Cori’s Hunter’s Gaucher’s
Type IV : Andersen’s Sanfilippo’s Niemann-Pick
Type V : McArdle’s Morquio’s Tay-Sachs
Type VII : muscle Maroteaux- Krabbe’s
PFK deficiency| Lamy Metachromatic
leukodystrophy

FIGURE 3-99. The storage diseases. Pompe’s discase can be classified as both a glycogen
and a lysosomal storage discase.

Note that only the sphingolipidoses result from defects in lipid metabolism.
We include other main lysosomal storage diseases in this chapter because of
their clinical similarity; however, their etiology is not related to lipid metabo-
lism.

SPHINGOLIPIDOSES

These are rare, autosomal recessive diseases (except Fabry’s disease, which is
X-linked recessive). They share the following characteristics:

A missing enzyme leads to the accumulation of its substrates in lysosomes
(see Figure 3-100).

As with many autosomal recessive diseases, the incidence is higher in
closed communities (such as Tay-Sachs disease among Ashkenazi Jews).
Fach disease has many subtypes, usually organized by age of onset. Gau-
cher’s and Fabry’s diseases often present in adulthood, whereas most other
sphingolipidoses are diagnosed in early infancy.

Variable expressivity is often present (especially Gaucher’s disease). The
early-onset diseases often include neurodegeneration.

There is usually no effective treatment for the sphingolipidoses, and indi-
viduals who have early-onset of disease die early. Bone marrow transplanta-
tion can rarely rescue some patients, and enzyme replacement/gene ther-
apy might prove useful.

Table 3-28 summarizes the sphingolipidoses.

GM;
GM, Globoside
Tay-Sachs == l
GM; Ceramide trihexoside
Sulfatides ¢ /
Metachromatic Lactosyl cerebroside Fabry’s
leukodystrophy ¢
Galactocerebroside Glucocerebroside Sphingomyelin
=v™ Gaucher’s
Krabbe’s Cerebroside Niemann-Pick

FIGURE 3-100. Sphingolipidoses. Several sphingolipid catabolic pathways are shown.
Steps affected by sphingolipidoses are designated with a red bar.
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K( FLASH BACK

The two layers of a plasma
membrane bilayer have distinct
phospholipid composition. The
inner layer consists primarily of
negatively charged phospholipids
(e.g., phosphatidylserine),

whereas the outer face contains
phospholipids with no net charge
(e.g., phosphatidylcholine). In

cells undergoing apoptesis, this
polarization is lost; the negatively
charged phospholipids displayed on
the exterior of the cell serve as a “kill
me" signal for leukocytes.
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Sphingolipidoses

DEFICIENT ENZYME, ACCUMULATED

DISEASE DESCRIPTION SUBSTRATE, AND TREATMENT IF POSSIBLE
Fabry's disease Peripheral neuropathy of hands/feet. o-Galactosidase A missing.
X-linked recessive; heterozygous females display mild phenotype. Ceramide trihexoside accumulates.
Angiokeratomas (small, raised purple spots on skin).
Cardiovascular/renal disease and strokes.
Cataracts.
Usually survive till adulthood--die with kidney and heart failure.
Gaucher's Bone involvement: aseptic necrosis of femur, bone crises. 8-Glucocerebrosidase missing.
disease Several types, affect different ages. Glucocerebroside accumulates.

1:1000 incidence among Ashkenazi Jews.
Hepatosplenomegaly.

Can present late in adulthood—— expressivity varies.
Anemia, thrombocytopenia.

Mental retardation in some types.

Gaucher's cells (macrophages); “crinkled tissue paper cells” because

of their large, foamy cytoplasm.

B-Glucocerebrosidase IV for
treatment.

Niemann-Pick
disease

Types A and B; type A patients die by age 2-3; type B patients live
longer.

Progressive neurodegeneration, esp. in type A.

Hepatosplenomegaly.

Cherry-red spot (on macula).

Foam macrophages in bone marrow.

Sphingomyelinase missing.
Sphingomyelin accumulates.

Tay-Sachs
disease

Multiple types, most common is infantile (death by 3 years).
Ashkenazi Jews at increased risk.

Progressibe neurodegeneration, developmental delay, microcephaly.

Cherry-red spot.
Lysozymes with onion skin.

Hexosaminidase A missing.
GM,, ganglioside accumulates.

Christensen-
Krabbe's
disease

Peripheral neuropathy.

Developmental delay.

Optic atrophy.

Decerebrate posture.

Death by 2 years.

Globoid macrophages full of galactocerebroside, stain PAS+.

Reported successful treatment with bone marrow transplantations.

B-Galactosidase missing.
Galactocerebroside and psychosine
(which is the main toxin killing

oligodendroglia) accumulate.

Metachromatic
leukodystrophy

Multiple types, but disease rarely presents before 6 months.
Central and peripheral demyelination with ataxia, dementia.

Arylsulfatase A missing.
Cerebroside sulfate accumulates.
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The syndromes associated with these diseases tend to be complex and vari-
able, with no “typical presentation.” We include hypothetical presentations
only to differentiate between the different sphingolipidoses:

Fabry’s: A young man presents with a stroke. History reveals recurring
pain in his hands and feet. Physical exam is significant for raised dark-red
lesions all over his body and mitral valve prolapse.

Gaucher’s: A Jewish girl presents with chronic fatigue due to anemia. His-
tory reveals painful bone crises and pathologic fractures. Physical exam
shows massively enlarged spleen and liver.

Niemann-Pick: A 3-month-old infant presents with hepatosplenomegaly.
Initially hypotonic, the infant later becomes spastic, rigid, and eventually
unresponsive. He fails to meet developmental milestones and dies at age 2.
Tay-Sachs: A 6-month-old infant becomes unresponsive and paralyzed and
dies at age 3. Autopsy reveals microcephaly.

Christensen-Krabbe: A 3-month-old infant will not feed and is irritable.
He gradually becomes hypertonic, suffers from seizures, and assumes
decerebrate posture. Eventually, he stops responding to all stimuli and
dies.

Metachromatic leukodystrophy: A 6-year-old girl’s performance in school
is declining. She becomes clumsy and unable to walk. She dies at age 16.

MucCoOPOLYSACCHARIDOSES

Table 3-29 summarizes a subset of lysosomal storage diseases, called muco-
polysaccharidoses (MPS). These result from lysosomal enzyme defects that

TABLE 3-29. Some Major Mucopolysaccharidoses

CHAPTER 3

DEFICIENT ENZYME AND ACCUMULATED

DISEASE DESCRIPTION SUBSTRATE
Hurler's Most common. Iduronidase missing.
syndrome Onset age is 1 year, death by age 14. Heparan sulfate and dermatan sulfate

Starts with developmental delay, and coarse facial features with
enlarged forehead (gargoylism).
Corneal clouding, enlarged tongue, airway obstruction.

accumulate.

Hunter's X-linked recessive.

syndrome Like Hunter's, but milder, with longer survival.
No corneal clouding.
Type B has a very mild phenotype.

Iduronate sulfatase missing.
Heparan sulfate and dermatan sulfate
accumulate.

Sanfilippo’s Developmental delay, with severe mental retardation.
syndrome Onset in preschool children, death in mid-teens.
Relatively little somatic change.

Heparan-N-sulfatase (or others) missing.
Heparan sulfate accumulates.

Morquio’s Diagnosis by age 2.
syndrome Skeletal deformities, corneal clouding.
No mental abnormalities.
Death due to atlantoaxial instability (minor trauma can cause
injury to spinal cord).

N-acetyl-alactosamine-6-sulfate sulfatase
missing.
Keratan sulfate accumulates.

Maroteaux-Lamy Multisystemic disease, but spares the CNS.

syndrome

N-acetylhexosamine-4-sulfatase missing.
Dermatan sulfate accumulates.
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lead to accumulation of GAGs, the principal glycopeptide components of
ECM in connective tissue.

The four most important GAGs are heparan sulfate, dermatan sulfate, chon-
droitin sulfate, and keratan sulfate.

In general, accumulation of GAGs causes skeletal deformities (usually
leading to coarse facial features), corneal clouding, cardiovascular disease
(especially valvulopathies), and excessive hair.

Heparan sulfate accumulation is particularly deleterious to the nervous tis-
sue, causing cognitive defects.

Keratan sulfate accumulation damages mostly corneal and cartilaginous
tissues, while sparing the brain.

;
Note the following:

Sanfilippo’s disease is associated Morquio’s and Maroteaux-Lamy syndromes are the only MPS listed that
with severe mental retardation but spare cognitive function.

little somatic symptoms. Morquio's All the listed MPS are autosomal recessive except Hunter’s syndrome.

and Maroteaux-Lamy syndromes are Multiple subtypes exist for each disease.

the opposite.

MucoLIPIDOSES

I-cell disease is an autosomal recessive disease.

Caused by defective phosphotransferase. This Golgi enzyme targets newly
synthesized enzymes to the lysosome by “labeling” them with mannose-
6-phosphate. With a defective targeting system, these enzymes never reach
the lysosome, thus preventing the organelle from working properly.
Similar presentation to Hurler’s syndrome.

Pathology significant for many membrane-bound inclusion bodies in

fibroblasts.

OTHER LYSOSOMAL STORAGE DISEASES

Pompe’s disease is an autosomal recessive disorder that can also be classified
as a type II glycogen storage disease. It has several subtypes (here we discuss
the infantile form).

It is caused by defective lysosomal o-1,4-glucosidase, a glycogen-breakdown
enzyme.

Unlike most other glycogen storage diseases, Pompe’s disease does not
severely violate the cell’s energy economy. This is because the main gly-
cogenolytic pathway (e.g., phosphorylase) is intact to break down most of
the glycogen. However, the accumulation of glycogen in the lysosomes
causes pathology (the glycogen storage diseases associated with energy
economy are most frequently defects in the synthesis or degradation of gly-
cogen granules in liver and muscle cytosol).

Death occurs by 8 months of age.

Pompe’s disease is characterized by cardiomegaly, hepatomegaly, macro-
glossia, hypotonia, and other systemic findings.

As in most systemic diseases, several blood lab values tend to be abnormal.
However, glucose, lipids, and ketones tend to be normal (in contrast to
other glycogen storage diseases).
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Eicosanoids

Eicosanoids are derivatives of polyunsaturated long-chain fatty acids, most
notably arachidonic acid. Whereas steroid hormones play the role of sys-
temic, long-term messengers, eicosanoids are involved in local (autocrine or
paracrine) signaling.

They include:

Prostaglandins
Thromboxanes
Leukotrienes

Arachidonic acid resides in membranes as part of phospholipids, and is
released by the action of phospholipase A, (PLA,).

Arachidonic acid is then modified by several different pathways:

Cyclooxygenase (COX) 1 and 2 lead to the production of prostaglandin
G, (PGG,) and subsequently PGH,, from which most other prostaglan-
dins, prostacyclin (PGI,), and thromboxane A, (TXA,) are synthesized.
Lipoxygenase (LOX) converts arachidonic acid into 5-hydroperoxyeicosa-
tetraenoic acid (5-HPETE) and is later transformed into leukotrienes.

The main synthetic pathways of the arachidonic acid-derived eicosanoids are
summarized in Figure 3-101. Note that not all eicosainoids are derived from
arachidonic acid. For example, TXA;, a thromboxane that prevents platelet
aggregation, is a derivative of omega-3 fatty acids. For this reason, consuming
fish oil (high in omega-3 fatty acids) is thought to reduce one’s risk of coronary
artery disease.

The important eicosanoids and their functions are summarized in Table 3-30.
Synthetic analogs of several prostaglandins are employed in clinical medicine.

Membrane lipid

l PLA,

Arachidonic acid

LOX COX
5-HPETE PGG,
! !
LTA, PGH,

o T~ P
LTC, LTB, TXA, PGl, PGD, PGE,
LTlD4 PGlea
LTlE4

FIGURE 3-101. Eicosanoid synthesis.
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Corticosteroids block PLA, and
interrupt COX synthesis.

NSAIDs, acetaminophen, and coxibs
block COX-1, 2, or both.

Zileuton blocks lipoxygenase.

Zafirlukast and montelukast block
leukotriene receptors.

K’

To keep the PDA open in a neonate,
use PGE, (or PGl,). To promote
closure of a PDA, use a COX
inhibitor, such as indomethacin.

CLINICAL
CORRELATION
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TABLE 3-30. Eicosanoids and Their Function

EicosANOID FuncTioN
LTA, Very little (only a transient compound).
LTB, Neutrophile chemotactic factor.
LTC,, LTD,, LTE, Bronchoconstriction, vasoconstriction, smooth muscle contraction, and increased vascular permeability.

Known as slow-reacting substance of anaphylaxis (SRS-A).

PGG,, PGH, Very little (only transient compounds).

PGE, Smooth muscle relaxant, vasodilator.
Keeps patent ductus arteriosus (PDA) open and beneficial in male erectile dysfunction (available as alprostadil
for these purposes).
Inhibits platelet aggregation.
Misoprostol is a synthetic analog. Used in prevention of NSAID-induced peptic ulcers and (in combination

with mifepristone) as an abortificant.

PGE, Similar to PGE,.
Uterine contraction (dinoprostone can be used clinically to induce labor or abortion), bronchodilation.
Keeps PDA patent.

PGF, Like PGE, it causes uterine contractions and is used to induce labor or abortion.
Increases outflow of aqueous humor (latanoprost is an analog available for treatment of open-angle
glaucoma).
Bronchoconstrictor.

PGl, (prostacycline) Synthesized by vascular endothelium.
Vasodilator and inhibitor of platelet aggregation.
Bronchodilator and uterine relaxant.
Keeps PDA open.

TXA, Synthesized by platelets.
Opposite to prostacyclin (platelet aggregator, vasoconstrictor, bronchoconstrictor).

LT = leukotriene; PG = prostaglandin; TX = thromboxane.

Structure

Many proteins use heme as their prosthetic group (a tightly bound cofactor
that is not peptide). Heme consists of a large, planar aromatic ring, called pro-
toporphyrin IX and a ferrous ion (i.c., Fe in its +2 state).

Heme Proteins

Heme plays a vital role in O,-binding proteins, such as hemoglobin and
myoglobin. These proteins hold the heme in place using proximal histidine,
which binds directly to the ferrous iron. O, binds to the ferrous ion opposite
to proximal histidine, but is stabilized by another, “distal histidine” (see Fig-

ure 3-102).
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Proximal Distal
histidine histidine

Protoporphyrin IX —

FIGURE 3-102. Heme in hemoglobin (or myoglobin). In this figure, the flat aromatic ring
of protoporphyrin IX ring is seen from the side.

Although best known as part of myoglobin and hemoglobin, heme’s function
is not limited to O, storage/transport. Heme resides in several enzymes, such
as peroxidase. It also functions in mitochondrial electron transport as part of
cytochrome ¢ and in some detoxification reactions as part of the cytochrome
P-450 system.

Heme Synthesis

Given the preceding list of heme-containing proteins, it is not surprising
that most heme synthesis occurs in erythroid and liver cells.

The building blocks of heme are succinyl-CoA, glycine, and ferrous ion
(Fe?*).

Knowing that succinyl-CoA is a product of citric acid cycle, it is easy to
remember that heme synthesis begins in the mitochondrion. Although the
final reactions are also mitochondrial, some steps occur in the cytosol.
Heme synthesis begins in the mitochondria — cytosol — mitochondria
again.

The reactions occur as follows:

Succinyl-CoA and glycine combine, forming &-aminolevulinic acid
(ALA). This is catalyzed by PLP-requiring (vitamin B6) ALA synthase and
constitutes the first committed and rate-limiting step.

ALA leaves the mitochondrion and is converted to porphobilinogen
(PBG) by the cytosolic, zinc-containing PBG synthase.

Four BPG molecules then condense, forming uroporphyrinogen III,
catalyzed by uroporphyrinogen III cosynthase along with porphoblhno—
gen deaminase. The latter enzyme is also known as uroporphyrinogen I
synthetase.

This product is decarboxylated, yielding coproporphyrinogen III, which
then returns to the mitochondrion.

Here the action of coproporphyrinogen oxidase results in protopophyrino-
gen IX.

Another oxidase ylelds protoporphyrin IX.

Finally, addition of Fe?* due to ferrochelatase yields heme.

Since ALA synthase catalyzes the first committed step, it is also the main site
of regulation of heme synthesis in the liver. This enzyme is feedback-inhibited

by:

its own product (ALA).
the final pathway product (heme).
oxidized heme (hematin, which is heme carrying Fe?* rather than Fe?*).

In erythroid cells, this regulation is absent, so that all primordial RBCs pro-
duce heme without inhibition.

CHAPTER 3
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Porphyrias and Lead Poisoning

Porphyrias are diseases resulting from defects in heme synthesis.

Since heme is generally made in the blood and liver, porphyrias tend to
affect these two systems (although virtually every organ suffers damage). In
children, porphyrias often present as encephalopathy.

In addition, the various synthetic precursors of heme are large aromatic
rings that absorb light; their accumulation in skin thus causes a photosen-
sitivity rash in many porphyrias.

The inheritable forms of each discase are generally autosomal dominant,
except eythropoietic porphyria, which is recessive.

The intermittent or sporadic nature of some porphyrias may complicate
their diagnosis. In general, symptoms of porphyrias are triggered by events
that increase heme synthesis and thus increase accumulation of heme syn-
thetic precursors.

Although not a true porphyria, we include lead poisoning, because it has
major effects on heme synthesis.

Acute INTERMITTENT PORPHYRIA (AIP)

This congenital disease results from an autosomal dominant deficiency of
porphobilinogen deaminase (also known as uroporphyrinogen I synthetase).
The precursors that accumulate are ALA and PBG.

Patients are often normal until adulthood, at which point they may begin
experiencing attacks. Attacks usually subside after patients reach age 40.
Most patients never experience symptoms.
Patients are usually asymptomatic between attacks, which are precipitated
by multiple factors, including fasting and ingestion of certain drugs (often
inducers of the P-450 system).
An attack may last several days and often consists of the following symptom
triad:

GI problems (abdominal colic, nausea, constipation).

Peripheral motor neuropathy (can mimic Guillain-Barré).

CNS symptoms (psychosis, depresswn seizures).
Unlike most other porphyrias, there is no skin rash.
Diagnosis is made by detection of increased PBG in urine (Watson-
Schwartz test).
Although the enzyme defect is not amenable, treatment of symptomatic
attacks involves carbohydrates (in diet or as IV glucose) or hematin (to
inhibit ALA synthase).
If the disease is misdiagnosed, the various drugs that may have been used
to address specific symptoms (e.g., barbiturates for psychosis) can severely
exacerbate AIP.

PoRPHYRIA CUTANEA TARDA (PCT)

This disease results from dysfunctional uroporphyrinogen decarboxylase and
consequent uroporhyrinogen accumulation. It is the most common porphyria
in the United States.

Symptoms of PCT can be present in affected families and may mani-
fest after exposure to some substances (estrogen, excess iron, and P-450
inducers such as alcohol), dietary restriction, and contraction of viruses
(HepC, HIV) or hepatocellular carcinoma. The most common cause is
hepatitis C.

Symptoms usually appear in adulthood.

Sun-exposed areas show photosensitivity rash and blisters, which leave
pigmented scars upon healing.
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Although proper diagnosis is made by detecting elevated porphyrin levels
in urine, tea-colored urine that turns pink upon Woods’ lamp illumina-
tion is suggestive of PC'T. PBG levels are normal.

Treatment for PCT must address underlying or triggering condition (e.g.,
phlebotomy if patient has excess iron, chloroquine).

HEREDITARY COPROPORPHYRIA

This autosomal dominant defect in coproporphyrinogen oxidase can be
thought of as AIP with the rash of PCT.

In addition to ALA and PBG (as in AIP), there is accumulation of
coproporphyrin.

As in AIP, patients experience bouts of gastrointestinal, CNS, and periph-
eral neurological symptoms, which are usually triggered by medications.
As in PCT, patients with hereditary coproporphyria develop a photosensi-
tivity rash and blisters.

Diagnosis is usually made by demonstrating elevated porphyrins in the
stool (better than urine).

Treatment similar to AIP.

ERYTHROPOIETIC PORPHYRIA

This rare and highly variable autosomal recessive disease results from defec-
tive uroporphyrinogen III cosynthase. It is also known as Gunther’s disease.

Photosensitivity rash (as in PCT) is present and can be very severe.

In addition, hemolytic anemia and port-wine urine can be present.
Diagnosis is made by detection of corresponding porphyrin pattern in
urine (Watson-Schwartz test). CBC may reveal hemolytic anemia.

The only successtul prevention consists of total avoidance of sun exposure.
Blood transfusions and possibly bone marrow transplantation constitute
more extreme treatment measures.

LEAD POISONING

Lead poisoning occurs both in children (GI exposure via chewing on objects
with lead-based paint or working in a battery factory) and adults (plumbers
inhale lead dust). Although best known as heme synthesis inhibitor, lead poi-
sons physiologic processes and can affect virtually every organ.

Lead is chemically similar to calcium and zinc. This has two main
consequences:
Lead is better absorbed when the above metals are lacking in the diet.
For this reason, it is especially important for children’s diet to be replete
in calcium and zinc.
Lead inhibits zinc-dependent enzymes and deposits in bone (relpaces
calcium), and may affect brain physiology (again, replacing calcium,
which is important for neurotransmitter release).
Lead inhibits ferrochelatase in the heme pathway so that protoporphyrin
IX accumulates.
Lead inhibits PBG synthase (because it relies on zinc), resulting in the
accumulation of ALA. ALA chemically resembles y-aminobutyric acid
(GABA), which may explain the psychosis manifested in acute lead
poisoning.
Chronically, lead accumulates in kidneys, causing interstitial nephritis and
eventually renal failure.

CHAPTER 3
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Porphyria cutanea tarda (PCT)

is “tardy” compared with acute
intermittent porphyria (AIP). (The
enzyme defective in AIP precedes
the enzyme defective in PCT in the
synthetic pathway.)
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When RNA precipitates in RBCs,

it appears as blue dots in the

cytosol (on a stained blood smear).
Although this basophilic stippling
can be seen in several other
anemias (e.g, the thalassemias),

it remains very specific to lead
poisoning.

K’

Dimercaprol requires intramuscular
injection, which is often painful.
Succimer is a water-soluble form of
dimercaprol that can be given by
mouth. This makes it the preferred
drug, particularly when treating
children (unless lead poisoning is
very severe).

L o

Most chelating drugs are not
selective for the metal they chelate.
In addition to toxins other than lead
(e.g., mercury, arsenic), they may
also remove useful physiologic ions
(e.g., zinc), resulting in deficiency.

K’

Causes of sideroblastic anemias
include alcohol abuse, lead
poisoning, myelodysplastic
syndrome, and others. In all cases,
the developing RBC is unable to
insert iron into hemoglobin. Free
iron accumulates in mitochondria,
causing them to stain as blue dots
around the nucleus. Remember
that these ringed sideroblasts
are seen only on bone marrow
smears, in contrast to basophilic
stippling, which appears on a
regular peripheral blood smears and
represents ribosomal RNA.
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CORRELA
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Clinically, lead poisoning can be subdivided into three categories:

1.
2.

In utero exposure even at very low concentrations has primarily neurologic
consequences. It is an independent risk factor for spontaneous abortion.
Days or weeks after acute lead exposure, patients may develop the symp-
tomatic triad of abdominal colic, CNS symptoms (with cerebral edema),
and sideroblastic anemia. CNS symptoms can range from nonspecific
cognitive problems and headache to frank encephalopathy with seizures.

. Chronic lead poisoning can present with the same symptoms, but is less

clear-cut. In addition, patients can also present with renal insufficiency,
gout, and (in children) growth retardation. Peripheral motor neuropathy
may be present with characteristic wrist drop. Heart disease and hyperten-
sion can also occur.

Diagnosis of lead poisoning is established directly by measuring elevated lead
levels in blood. Bone X-ray fluorescence can demonstrate chronic lead expo-
sure (X-ray shows “lead lines” on epiphyseal bones).

Blood tests show sideroblastic anemia (microcytic, hypochromic RBCs), and
basophilic stippling of RBCs. Erythrocyte protoporphyrin IX is increased.

Severe symptoms (e.g., encephalopathy) should be treated with EDTA cal-
cium disodium, dimercaprol, and succimer. Mild symptoms and prophylaxis
may only require succimer.

Heme Catabolism

PatHwAY (see [igure 3-103)

FIGURE 3-103.

bin.

When RBCs age, they are collected by the spleen, where their heme is
released and degraded to biliverdin and subsequently indirect bilirubin, a
linearized molecule devoid of iron.

Indirect bilirubin is poorly water-soluble, but it attaches to albumin and is
transported liver, where it is conjugated to glucuronic acid molecules. The
resulting direct bilirubin is water soluble.

Conjugated bilirubin then enters the intestine via bile.

Heme
Spleen l
Biliverdin
1
|
v
Blood UB
to liver via blood albumin
Liver CB
to intestine via bile
A
CB
Intestine | Urobilinogen Urobilinogen
l l Urine
Urobilin -
Urobilin

Heme catabolism. CB, conjugated bilirubin; UB, unconjugated biliru-
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Colonic bacteria deconjugate bilirubin and convert it to urobilinogen,
which subsequently turns into urobilin. Urobilin contributes to the char-
acteristic color of stool.

Small portion of urobilinogen is reabsorbed, enters the blood, and is fil-
tered into urine. The resulting urobilin also lends its color to urine.

Note that in jaundice, it is bilirubin (not urobilin), that causes yellow skin
discoloration.

CAUSES OF ELEVATED BILIRUBIN

Elevated indirect (unconjugated) bilirubin is caused by defects of heme
catabolism prior to and including conjugation:

Overabundance of heme: mainly due to hemolytic anemia.
Defects in bilirubin conjugation in the liver (Gilbert’s syndrome, Crigler-
Najjar syndrome, and neonatal hyperbilirubinemia).

Direct (conjugated) bilirubin elevation results from dysfunctional steps down
the excretion pathway:

Defects of bilirubin secretion from the liver (Dubin-Johnson and Rotor
syndromes).

Obstruction of the biliary pathway (variety of hepatic and biliary disorders,
including hepatitis, cirrhosis, or choledocholithiasis).

Hemoglobin

STRUCTURE

Hemoglobin is the chiet O,-binding protein in RBCs. In adults, it exists as a
tetramer, mostly consisting of two o and two B subunits (a,[3,). Each subunit
contains one heme molecule, each of which may bind one O, atom.

With no O, bound, the tetramer remains in a taut (1)) conformation, notable
for its low O, affinity. Once an O, molecule binds to one of the subunits, the
entire tetramer twists into a relaxed (R) conformation, which is more willing
to accommodate second, third, and fourth O, molecules. In other words, the
more O, is around, the more likely the transition from T to R, and the higher
the O, affinity of hemoglobin.

This is an example of cooperative binding, in which atfnity of a protein
increases as more ligand is bound.

Cooperative binding is a subtype of allostery, a more general concept, in
which binding of one molecule to a protein somehow affects the binding
of another molecule (may or may not be identical with the former).

Cooperative binding results in a sigmoidal hemoglobin binding curve (see
Figure 3-104). At low partial pressures of O, (P0,), such as in peripheral tis-
sues, the affinity of hemoglobin for O, is low. This allows hemoglobin to
release its cargo O, to supply tissues. Conversely, at high Po, (as in the lungs),
O, binding is enhanced.

Compare this with myoglobin, the O,-binding protein in muscles. The amino
acid sequence of myoglobin is similar to that of a hemoglobin subunit, except
it does not form tetramers. As a result, the monomeric protein does not show
allosteric binding, and its binding curve is therefore hyperbolic.

CHAPTER 3
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Carbon monoxide (CO) is released
as heme is converted to biliverdin;
this is the only biological reaction
that produces CO, which is therefore
a highly specific marker for the
amount of heme catabolism.

' KEY FACT

Indirect bilirubin = unconjugated
bilirubin (water-insoluble).

Direct bilirubin = conjugated
bilirubin (water-soluble).

ASH
ORWARD

Approximately 95% of the bile
acids secreted into bile undergo
enterohepatic circulation. They
are reabsorbed from the intestine
and re-enter the liver. Bile pigments
are recirculated less efficiently and
may be resecreted into urine.

CLINICAL
CORRELATION

K’

Cholelithiasis (gallstones) is

the most common cause of
cholecystitis, inflammation of
gallbladder along with obstruction
of cystic duct. Since the common
bile duct remains patent,
cholecystitis does not usually
cause jaundice. However, once
the calculus moves from the cystic
duct into the common bile duct
(i.e., choledocholithiasis), bile
regurgitates into liver. This elevates
direct bilirubin in the blood and
causes jaundice.




CH

APTER 3

ASH
ORWARD

One of the major compl

ications

in thalassemias is iron overload.
Hence, pharmacologic treatment
includes iron chelation with
desferroxamine. Sickle cell disease
patients can be managed with
hydroxyurea, which moderately

augments HbF levels.
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Since hemoglobin becomes glycated
in proportion to blood glucose

concentration and HbA,
half-life, its levels reflect
blood sugars have been

. has along

how well
managed

for the previous 6-8 weeks. In the

treatment of diabetes m
goal is to keep HbA, . <

ellitus, the
7%.
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FIGURE 3-104. Hemoglobin binding curve. Myoglobin curve is included for comparison.
(Modified, with permission, from Scriver CR, et al. The Molecular and Metabolic Basis of In-
herited Disease, 7th ed. New York: McGraw-Hill, 1995.)

HEMOGLOBIN ISOTYPES

Two gene clusters encode hemoglobin subunits: A and B (see Figure 3-105).
Ideally, two chains from cluster A and two chains from cluster B form the
hemoglobin tetramer. For example, the major adult hemoglobin isotype
(called HbA,) comes in the form o,f,, where a chains come from cluster A
and B chains come from cluster B.

Tables 3-31 and 3-32 describe some normal and pathologic hemoglobin iso-
types, respectively.

ALLOSTERIC EFFECTORS

Several molecules may bind to hemoglobin (at a site distinct from O,), either
increasing or decreasing the stability of the R conformation. This results in
changes in the net affinity of hemoglobin for O, visualized as horizontal shifts
in the sigmoidal binding curve. Molecules that stabilize the R conformation
increase O, atfinity and therefore cause a left shift. As a result, the partial
pressure at which 50% hemoglobin capacity is saturated (Ps,) decreases. Con-
versely, stabilization of the T conformation results in lower affinity, right shift
of the binding curve, and higher Ps, (see Figure 3-106).

Allosteric effectors producing a left shift in the O,-binding curve include:

Low partial pressure of CO, (Pco,)
Low temperature
Alkaline environment (low H* concentration, high pH)

[¢ o« |
Cluster A

o o |

|e R AR B|
Cluster B

FIGURE 3-105. Hemoglobin genes. Clusters are shown in duplicates to emphasize the
availability of two copies of each gene in a diploid cell. Only the most relevant genes are in-

cluded.
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Normal Hemoglobin (Hb) Isotypes

CHAPTER 3

ComPOSITION NAME COMMENTS
o,p, HDbA, Comprises vast majority of adult hemoglobin.
a5, HbA, Minor component of adult hemoglobin. Unknown
function.

Becomes more important in B-chain deficiencies (e.g.,

B-thalassemia).
oLY, HbF The major hemoglobin in the fetus. Low in adult, unless
pathology present.

Low affinity for 2,3-BPG. In effect, HbF has a lower P,
than adult HbA,, i.e., higher affinity for O,. This
allows 0O, to travel from maternal blood (umbilical
veins) to fetal blood.

G, Hb Gower-1 ~ Embryonic hemoglobin.
A Hb Portland ~ Embryonic hemoglobin.

TABLE 3-32.

DiSEASE

Blood Dyscrasias and Abnormal Hemoglobin Isotypes

GENOTYPE

HEMOGLOBIN EXPRESSED

o-Thalassemia Hydrops fetalis

All four o genes deleted.

HbH (3,) and Hb Barts (y,). Death in utero.

HbH disease

Three o genes deleted.

HbH and Hb Barts, some HbA,. Death by
age 8.

Thalassemia trait

Two o genes deleted.

HbA, and Hb Barts early in life. Mild
phenotype.

Carrier

One o gene deleted.

Normal HbA, content. Silent phenotype.

B-Thalassemia Thalassemia major

Both (3 genes affected by a severe
mutation (so that no or little p
produced).

HbF and HbA, are the main isotypes

available. HbA, reduced or absent.

Thalassemia intermedia

Both B genes affected by a mild
mutation.

As in thalassemia major, but more HbA;.

Thalassemia trait

Only one B gene affected by a mutation
(mild or severe).

Normal HbA,, but increased HbA,.

Sickle cell anemia

Both (3 genes have a mutation at position
6 (glutamate — valine).

HbSS present, no HbA,. HbF increased.

Sickle cell anemia carrier

One B gene with the above mutation.

HBSS present along with HbA,.

Diabetes

Normal hemoglobin genes.

Normal hemoglobin pattern in addition to

HbA, ., a glycated form of HbA,.

1c
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FIGURE 3-106. Hemoglobin allostery. (Modified, with permission, from Kasper DL, Braunwald E, Fauci FS, et al. Harrison’s Inter-
nal Medicine, 16th ed. New York: McGraw-Hill, 2005: 593.)

‘ CLINICAL Low 2,3- blsphosphoglycerate (2,3-BPG)
CORRELATION Carbon monoxide poisoning

Fetal hemoglobin (HbF; note that HbF is a hemoglobin variant, not an

allosteric effector, its binding curve is left-shifted compared with the adult

variant)

2,3-BPG (made via a biochemical
shunt in an RBC's glycolytic
pathway) stabilizes the T
conformation of adult hemoglobin. It

orad _ Allosteric effectors producing a right shift in the O,-binding curve include:
has dual physiologic function:

® |t becomes abundant in the High PCOZ
face of O, shortage (e.g, in High temperature -
patients with chronic obstructive Acidic environment (high [H*], low pH)
pulmonary disease, but also in High 2,3-BPG
normal subjects living at high
altitude). This leads to more METHEMOGLOBINEMIA
effective O, release in peripheral |, methemoglobmemla an unusually high percentage of hemoglobin con-

tissues.
= It affects fetal hemoglobin (HbF)
less than maternal HbA,. Hence,

HbF has effectively higher O,
affinity, thus aiding fetal blood In the uncommon, congenital forms of methemoglobinemia, methemo-

oxygenation. globin reductase is faulty or there is a defect in hemoglobin itself that

makes the reductase less effective.

More commonly, methemoglobinemia is acquired by exposure to strong
9 CLIN oxidants that overwhelm the reductase system. Such oxidants include

‘ . m nitrates, nitrates (typically from fertilizer-contaminated water, wells, and

so on), aniline dyes, naphthalene (in mothballs), local anesthetics (lido-

tains iron in the ferric (Fe3*) rather than ferrous (Fe?*) state, thus preventing
O, from binding. Normally, the methemoglobin reductase system is respon-
sible for restoration of the ferrous state.

An infant fed formula made with caine), vasodilators (nitric oxide, nitroprusside), antimalarials (chloro-
nitrate-contaminated water is quine, primaquine), sulfonamides, dapsone, and others.

particularly prone to developing Laboratory tests usually show normal Pao,, but decreased Sao,. Direct
methemoglobinemia (known as tests for methemoglobin detection are available.

the blue baby syndrome). The Cyanosis is usually the chief sign. Blood is dark and “chocolate-colored”
abundant gastrointestinal flora in and does not turn bright red on exposure to O,.

a newborn can convert the nitrate Treatment consists of removal of the offending toxin by using methylene
contaminant into nitrite, a very blue, and sometimes ascorbic acid.

potent oxidant. Because methylene blue utilizes GOPD, it is ineffective (and may even

cause hemolysis) in patients with concurrent G6PD deficiency.
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Carbon Monoxide Poisoning

Carbon monoxide is a colorless, odorless gas. Intoxication occurs either
directly by inhalation of fumes from incompletely combusted fuel (car
exhaust, heaters) or by inhalation of certain organic solvents (methylene chlo-
ride, a paint-stripper), which are metabolized to CO in the liver.

CO binds to heme in hemoglobin with much higher athnity than does O,.
As a result:
CO diminishes the O, carrying capacity of hemoglobin by competing
for the binding sites.
CO shifts the O,-binding curve of hemoglobin to the left. In other
words, binding of a CO molecule to one hemoglobin subunit increases
the affinity of the other three subunits for O,. Although this results
in better O, uptake in the lungs, it also prevents O, unloading in the
tissues.
Symptoms of CO poisoning are usually very nonspecific. Cherry-red dis-
coloration of skin is specific but not sensitive (pale skin is more common).
As with methemoglobinemia, arterial blood gas tests show normal Pao, but
diminished hemoglobin saturation. Direct CO detection tests are avail-
able. Note that smokers often present with values indicative of mild CO
poisoning as a result of the CO in inhaled cigarette smoke.
Treatment consists of 100% O, supplementation. Patients with severe
cases may require hyperbaric O,.

Carbon Dioxide

Although hemoglobin is primarily known for its O, carrying capacity, it is also
an important transporter for CO,. There are two main mechanisms by which
this occurs (see Figure 3-107):

Isohydric transport accounts for 80% of CO, movement. As CO, diffuses
into an RBC, the enzyme carbonic anhydrase combines it with water,
yielding carbonic acid (H,COs;). As the word “acid” implies, H,CO; tends
to lose a proton, leaving behind the bicarbonate ion (HCO;™). The proton
can bind to several histidine residues on hemoglobin, while bicarbonate
leaves the RBC in exchange for chloride ion (the chloride shift). Note that
in isohydric transport the CO, is not directly carried by hemoglobin.

CI

Chloride
shift

Anion exchanger

Isohydric transport|CO,

Carbamino-hemoglobin
transport

Bohr
Effect

Blood in peripheral tissues

FIGURE 3-107. 0,/CO, exchange in peripheral tissues. CA, carbonic anhydrase; Hb,
hemoglobin.
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Cyanosis, a blue skin

discoloration, appears when

blood deoxyhemoglobin
concentration exceeds 5 g/dL; that
is, it depends on the absolute
deoxyhemoglobin concentration
and not percent O, saturation. As a
result, an anemic patient is less likely
to be cyanotic, even if his/her blood
is largely deoxygenated. Conversely,
a patient with polycythemia rubra
vera can appear cyanotic, despite

a near-adequate hemoglobin
saturation.

CLINICAL
[ CORRELATION

Patients suffering from
methemoglobinemia as well as
those with CO poisoning display
normal Pao,, but have low Sao,.
Because the heme of patients with
methemoglobinemia cannot bind
any gas, their blood is dark red. On
the other hand, the heme of CO
poisoning victims avidly binds CO,
and their blood may turn bright red.
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' KEY FACT

Hemoglobin’s ability to bind and
release O, at appropriate locations
is caused by two main and distinct
phenomena: cooperative binding of
0, and the Bohr-Haldane effect.

BIOCHEMISTRY

In carbamino-hemoglobin transport, which carries up to 20% of CO,,
the CO, molecule reacts directly with amino groups on hemoglobin. This
reaction produces one free proton.

The reactions involved here are reversible, so the opposite processes take
place in the lungs, where CO, is unloaded.

Recall that CO, and H* are allosteric effectors of hemoglobin, both causing
an increase in Py, and thus lower affinity for and increased release of O,. In
other words, the presence of CO, and protons is a signal for the hemoglobin
molecule that it has reached the periphery and that its time to release its O,
cargo. This is called the Bohr effect. Conversely, as blood returns to the lungs
it faces high Po,, which prompts the release of protons and CO,. This is the
Haldane effect.

. Laboratory Tests and Techniques

Hospital laboratories often use basic techniques of molecular biology and bio-
chemistry to analyze clinical samples from patients. Although these tests are
often developed and used in basic science research, they aid in diagnosis and
help guide clinical decision making.

DNA-BASED LAB TESTS

DNA Gel Electrophoresis
PRINCIPLE

Because DNA carries an overall negative charge (due to its phosphate back-
bone), it migrates toward the positive cathode in an electric field. When
loaded into an agarose gel, the internal structure of the gel provides a physi-
cal barrier for the movement of DNA. The rate of movement is directly pro-
portional to the size of the DNA fragment, making it possible to separate
and visualize DNA fragments of different sizes from a clinical sample. Visual-
ization is typically carried out by using a fluorescent dye, ethidium bromide,
which intercalates between the DNA bases, making it possible to detect DNA
fragments within the gel using UV light.

Use

DNA electrophoresis is a fundamental technique used mainly in conjunc-
tion with other techniques to analyze samples. The ability to separate DNA
fragments based on their size is critical in polymerase chain reaction (PCR),
DNA sequencing, DNA restriction digestion, and Southern blotting, all of
which provide important information about the genetic makeup of clinical
samples.

DNA Sequencing
PRINCIPLE

A single-stranded DNA fragment from a clinical sample is used as a template
in the presence of DNA polymerase, a short primer, four standard deoxynucle-
otide bases (A, T, G, C), and a small amount of radiolabeled or fluorescently
labeled dideoxynucleotide base. Although these bases are otherwise identi-
cal to the standard A, T, G, and C nucleotides, they terminate the growth of
the DNA chain when they are incorporated into a growing DNA molecule
because they lack a second O, atom (dideoxynucleotide), thus making it
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impossible for the chain to accept and chemically react with the base that
would follow. During chain synthesis, at a certain point in the growing DNA
chain, one of the dideoxynucleotide bases gets incorporated. This causes that
particular growing DNA molecule to stop elongating. Statistically, this ran-
dom incorporation of the dideoxynucleotides produces a sample with DNA
fragments of different sizes, corresponding to each of the positions of a partic-
ular nucleotide in the DNA chain. Repeating this process for each of the four
bases and separating the resulting fragments using DNA gel electrophoresis
makes it possible to determine the sequence of bases in the DNA sample frag-
ment because the relative positions of the fragments on the DNA gel reveal
the order of the bases in the DNA molecule (see Figure 3-108).

Use

DNA sequencing is used to confirm or exclude known sequence variants
(genotyping) or to fully characterize a defined DNA region. It is most com-
monly used to detect specific mutations in diagnosis of genetic diseases.

CLINICAL EXAMPLES

In patients with a clinical diagnosis of osteogenesis imperfecta, a blood sam-
ple can be analyzed for mutations in COLIAI or COLIAZ2 genes. Similarly,
DNA of patients with Ehlers-Danlos syndrome (EDL) would be analyzed for
mutations in COL3AI. Genotyping is also used to diagnose cystic fibrosis,
B-thalassemia, muscular dystrophies, and sickle cell anemia.

Reaction containing radiolabeled: Sequence of original strand:
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FIGURE 3-108. DNA sequencing. (A) DNA fragments formed in each of the four reactions containing one of the four nucleotides
are run on a DNA gel and separated by size. (B) Radiolabel (asterisk) allows for the visualization of the DNA fragments containing dide-
oxynucleotides, which makes it possible to deduce the order of individual bases. (Modified, with permission, from Murray RK, Granner

DK, Rodwell VW. Harper’s lllustrated Biochemistry, 27th ed. New York: McGraw-Hill, 2006: 411.)
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Polymerase Chain Reaction
PRINCIPLE

Polymerase chain reaction (PCR) is an important method for amplifying
DNA, making it possible to increase the amount of DNA available for analysis
from a clinical sample. The original double-stranded DNA serves as a tem-
plate. This reaction also requires a thermally stable DNA polymerase, primers
flanking the region that needs to be amplified, and nucleotides. The mixture
then undergoes the following procedure in an automated cycle (see Figure
3-109). Of note, the polymerase usually used is Taq polymerase, which was
first isolated from Thermus aquaticus, a bacterium found in hot springs.

Denaturing: Heating to approximately 95°C separates the double-stranded
DNA.

Annealing: Cooling to approximately 45°C causes the primers to attach to
single strands of DNA in complementary regions.

Elongation: Heating to approximately 72°C causes Taq polymerase to syn-
thesize a complementary DNA strand, starting at the primer.

This cycle is usually repeated approximately 30 times, resulting in an expo-

nential increase in the number of synthesized copies of the original DNA frag-
ment. The DNA is then available for further analysis.
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FIGURE 3-109. Cycles of the polymerase chain reaction. (A) In the first cycle, the primers anneal to the complementary sequences
on the DNA in the sample, and the polymerase extends the strands in either the 3” or the 5" direction. (B) In each of the subsequent
cycles, the newly synthesized strands are separated from the template, the primers re-anneal, and the steps are repeated. The result is

an exponential rise in the number of DNA fragments synthesized between the positions of the two original primers. Typically, about 30
cycles are conducted.
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Use

PCR is used to genotype-specific mutations, detect hereditary diseases, diag-
nose viral diseases, genetic fingerprinting, and patermty testing. It is now also
used in clinical mlcroblology to identify pathogenic microorganisms.

CLINICAL EXAMPLES

PCR is used in early detection of hepatitis B virus (HBV), HCV, HIV,
varicella-zoster virus (VZV), herpes simplex virus (HSV), cytomegalovirus
(CMV), Epstein-Barr virus (EBV), parvovirus B19, and influenza viruses—
often following initial antibody-based approaches. PCR detects the actual
presence of the virus by amplifying viral DNA, even in the absence of the
host’s antibody response. Group A streptoccoci, Legionella spp, Bordetella
pertussis, and vancomycin-resistant enterococcus (VRE) are examples of bac-
terial infections often identified using PCR. PCR is most widely used for iden-
tification of microbial pathogens, but it is also used for detection of tumor fac-
tors, profiling of cytokines, expression of various genes, and as an integral part
of many approaches used in human genetic testing.

DNA Restriction Digest
PRINCIPLE

DNA restriction digest refers to a technique in which a DNA sample is cut
into pieces using restriction enzymes (also known as restriction endonu-
cleases). Each restriction enzyme cleaves doublestranded DNA within a
certain base sequence (recognition sequence), and does so consistently (see
Figure 3-110). Therefore, a specific DNA sample that is fragmented using a
known combination of restriction enzymes always results in a reproducible
and unique pattern of DNA fragments. These fragments can then be visual-

ized using DNA gel electrophoresis.

Use

DNA restriction is often used as a part of restriction fragment length poly-
morphism (RFLP) analysis. This method relies on the fact that random
mutations sometimes introduce or eliminate a restriction site. It is one of the
methods used for DNA fingerprinting, in which different patterns of polymor-
phisms (variations in a population’s DNA) in individuals are used as a basis for
identification. More commonly, it is used in single nucleotide polymorphism
(SNP) analysis, in which changes in single nucleotides within a restriction
enzyme recognition sequence are present in certain alleles, and are correlated
with genetic diseases. It is important to note that these are not disease-causing
mutations; they are normal variations occurring within a population (alleles)
that are correlated with certain genetic diseases.

EcoRI

5---TACT|GAATTC|ACG- - -8
y- - -ATGA[CTTAAGTGC- - -5

FIGURE 3-110. Typical endonuclease recognition site. This is an example of a specific
sequence recognized by the EcoRI restriction endonuclease. EcoRI always recognizes this spe-
cific site and cleaves the DNA chain at the positions marked by the arrows.
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Cri du chat—partial deletion of the
short arm of chromosome 5 —
characteristic cry similar to the
mewing of kittens. Patients exhibit
failure to thrive and severe cognitive
and motor delays, but typically

are able to communicate socially.
Often present are microcephaly and
coarsening of facial features.
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CLINICAL EXAMPLES

The gene coding for apolipoprotein E (ApoE), which is associated with
Alzheimer’s disease, contains two SNPs that result in three potential alleles
for the ApoLs gene, called E2, E3, and E4. It has been shown that people
with at least one E4 allele have a greater chance of developing Alzheimer’s,
whereas the presence of the E2 allele seems to have a protective effect.

Fluorescence In Situ Hybridization (FISH)
PRINCIPLE

In the cytogenetic technique known as fluorescence in situ hybridization
(FISH), a fluorescently labeled DNA probe is used to determine not just the
presence or absence of a particular DNA sequence in a sample, but also to
visualize its actual location on the chromosome (see Figure 3-111).

Single-stranded DNA that has been tagged with a fluorophore, antibody
epitope, or biotin is added to a preparation of nuclear DNA, either in
intact nuclei (interphase FISH) or chromosomes arranged on a slide (fiber
FISH).

After binding to the complementary sequence in the sample, the excess
unbound probe is washed away.

The sample is then imaged using fluorescence microscopy.

Use

FISH is used to map specific DNA sequences such as genes or rearrangements
to a particular position on a chromosome. It plays a particular role in detect-
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Fluorescence in situ hybridization. Step 1, A DNA probe complementary to the gene of interest is added to the

chromosomal preparation. Step 2, A fluorescent antibody against the epitope that was used to tag the DNA probe is added, and it binds to
the DNA probe. Step 3, Chromosomes are counterstained with a fluorescent dye of a color different from that of the antibody. This en-
ables clear visualization of the regions of interest under a fluorescent microscope.
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ing chromosomal abnormalities such as inversions or translocations. When
using labeled primers for the 16S rRNA region of specific bacteria as probes,

it can also determine the presence of microorganisms in clinical samples.

CLINICAL EXAMPLES

FISH is often used for detection of aneuploidies (e.g., trisomy 21, 18, 13),
including sex chromosome number abnormalities (e.g., Klinefelter’s,
Turner’s, and triple X syndromes). It can be used on tissue samples, as well
as amniotic fluid. It is also used in the diagnosis of certain cancers, such as
the Philadelphia chromosome (i.e., BCR-ABL t(9,22) translocation) in CML.
Furthermore, it can be used for detection of microdeletions, such as 5p- in
cri du chat, and 15q11.2-q13 in Prader-Willi and Angelman syndromes.

Southern Blotting
PRINCIPLE

Southern blotting refers to a technique whereby a DNA sample is separated
according to fragment size using gel electrophoresis and is then transferred
on to a nitrocellulose or nylon membrane, where it is fixed in place. Much
like FISH, a single-stranded DNA probe, usually labeled with a radioactive
isotope, is allowed to incubate with the membrane containing the sample.
This radioactive DNA probe binds to complementary sequences in the
DNA sample. After the nonbound probe has been washed away, X-ray film
is placed on top of the membrane. The radioactivity from the bound probe
exposes the X-ray film in the exact position of the radiolabeled probe. This
indicates the presence, and the position of the sequence of interest, within a
particular DNA fragment from the original sample (see Figure 3-112).

DNA applied to gel
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complementary DNA sequence “Seal-a-Meal”
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Angelman syndrome (AS)—loss

of maternal 15q11 (both
copies of paternal origin) —
mental retardation, seizures,
inappropriate outbursts of
laughter.

Prader-Willi syndrome (PWS)—

loss of paternal 15q11 (both
copies of maternal origin) —
mental retardation, obesity,
hypotonia, weak cry.

AS and PWS are examples of

genomic imprinting, in which
the expression of a particular
allele and the associated
phenotype are exclusively
determined by which parent
contributed it.
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FIGURE 3-112. Southern blotting. DNA is separated according to size, transferred on to a nitrocellulose filter, and hybridized with
radiolabeled probes specific for the sequence of interest. Exposure of the X-ray film reveals the position and size of the DNA fragments
that contain the sequence of interest.
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Use

Southern blotting is used in diagnosis of genetic disorders, especially those
involving nucleotide expansions. It is also used in detection of viral and bacte-
rial pathogens, as well as for certain forensic applications.

CLINICAL EXAMPLES

Southern blots are often used to detect trinucleotide expansion in fragile X
syndrome, Friedreich’s ataxia, and myotonic dystrophy, as well as methyla-
tion or deletion of the SNRPN locus in the Prader-Willi/Angelman syn-
dromes. Southern blotting has also been used to directly detect malaria para-
sites (Plasmodium spp.) in the blood of patients.

PROTEIN-BASED LAB TESTS

Protein Gel Electrophoresis
PRINCIPLE
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis or SDS-PAGE, as

it is almost exclusively known, is a fundamental technique for separating pro-
teins based on size. It is the protein counterpart to DNA agarose gel electro-
phoresis. Proteins are denatured using SDS detergent and then loaded on to
a polyacrylamide gel. The buffer used in this technique gives the denatured
proteins an overall negative charge. Therefore, when placed into an electric
field, the proteins move through the gel matrix toward the positive electrode.
Because the internal gel structure serves as a barrier for the movement of pro-
teins, their migration toward the positive electrode is directly proportional to
the size of the protein, with the smallest proteins migrating farthest (closest
to the positive electrode). A standard mix of proteins of known sizes (ladder) is
also run on the gel for comparison (see Figure 3-113).

S E C H D

20 e e

FIGURE 3-113. Example of an SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) gel. The appearance of an actual protein electrophoresis gel, in which the
protein was stained using Coomassie blue dye. Lane S contains protein standards of known
molecular weights for comparison (numbers represent the size in kDa). Other lanes contain
samples with different amounts of a particular protein (around 45 kDa in size). (Reproduced,
with permission, from Murray RK, Granner DK, Rodwell VW. Harper’s lllustrated Biochemis-
try, 27th ed. New York: McGraw-Hill, 2006: 25.)
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Use

Much like DNA gel electrophoresis, SDS-PAGE is a basic technique used in
conjunction with other methods to analyze clinical samples. One of the most
common uses is as part of Western blot analysis for detection of pathogens.

Western Blot
PRINCIPLE

In Western blotting (or protein immunoblotting), a protein sample is dena-
tured using the SDS detergent and run on a polyacrylamide gel to separate
the proteins present according to their size (see SDS-PAGE in preceding text).
The second step involves using an electrical field perpendicular to the gel
to transfer the proteins from the gel on to a nitrocellulose membrane. To
prevent nonspecific antibody binding to the membrane, it is blocked by incu-
bating in a solution of bovine serum albumin (BSA) or nonfat dry milk. The
membrane is then incubated with a primary antibody specific for the protein
of interest. After washing off the excess unbound primary antibody, a second-
ary antibody is added. This secondary antibody is conjugated to an enzyme;
it is also specific for the primary antibody that was used in the previous step.
Subsequent addition of a substrate for the enzyme causes a colorimetric reac-
tion in the bands containing the protein of interest (see Figure 3-114).

Use

Western blotting is used to detect the presence of a protein in a clini-
cal sample, indicating an infection with a specific agent. This may refer to
both antigens native to the pathogen (e.g., in the case of bovine spongiform
encephalopathy or BSE) or to the actual host antibodies that have developed
in response to the infection (e.g., HIV and Lyme disease [Borrelia burgdor-
feri]). Note that Western blots can also be used for relative quantification of
the amount of protein present.

Transferred proteins
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FIGURE 3-114. Western blotting. After they are separated by size using SDS-PAGE (so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis), the proteins are transferred on to a
membrane with the aid of an electric field. The membrane is then blocked and incubated with
the primary and the secondary antibodies. Using a substrate, a color signal is produced showing
the fragments that contain the protein of interest.
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“) CLIN m CLINICAL EXAMPLES
’ SORREES Western blotting is a confirmatory test performed when the results of an

ELISA (see below) test are positive for HIV antibodies.

In HIV testing, when an initial

positive result is obtained using

ELISA, a Western blot is always done Enzyme-Linked Imnmunosorbent Assay (ELISA)

to confirm the results and reduce PRINCIPLE

the number of false-positives.

= Known HIV viral antigens
are run on an SDS-PAGE gel,

ELISA is an immunologic technique widely used for the detection of antigens
and antibodies in clinical samples. There are two types of assay:

transferred to a membrane, and Indirect ELISA
then incubated with the patient's A known amount of an antigen is fixed to a surface.
serum. A clinical sample (usually the patient’s serum) is then added on to the
= The test is considered positive if surface.
the patient's serum contains HIV If the sample contains antibodies against the antigen, the antibodies
antibodies against at least two bind the antigen and remain attached to the surface.
of the following antigens: p24, The surface is washed to remove any unbound (nonspecific) antibody.
gp41, gp120/160. A secondary, enzyme-linked antibody, specific for the Fc portion of
® ltis generally accepted that the human IgG, is then added to the reaction.
only the absence of all bands This secondary antibody binds the primary antibodies present from
is considered a negative the patient’s serum.
result. If only a single band is A substrate is then added, which results in a colorimetric reaction cat-
present, the test is considered alyzed by the enzyme linked to the secondary antibody.
intermediate and needs to The color change can be quantified using a spectrophotometer and
be repeated (almost all turn related to the amount of the antibody present in the clinical sample.
positive). Direct, or “sandwich,” ELISA (see Figure 3-115)
The antibody specific for the antigen of interest is first fixed to a sur-
face (1).
A sample potentially containing the antigen of interest is added to the
reaction.

If the antigen is present in the sample, it will bind to the fixed anti-
bodies, while the rest is washed away (2).

A second “layer” of the antibody is then added, “sandwiching” the
bound antigen (3).

As in the indirect ELISA, an enzyme-linked secondary antibody and
the substrate are then added, and the colorimetric reaction is read in a
spectrophotometer (4 and 5).

ELISA is used for the detection of antibodies against many pathogens, as a
means of establishing present or past infection with the pathogen. It is also
sometimes used by the food industry to detect the presence of certain com-
mon allergens.
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FIGURE 3-115. ELISA. Sce text for a step-by-step explanation.
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CLINICAL EXAMPLES

ELISA is the most sensitive screening test for HIV in individuals at risk for
infection. A positive result is followed up by the more specific Western blot
assay. ELISA is also used to screen for other viral pathogens, such as the West
Nile virus.

Immunohistochemistry
PRINCIPLE

Similar to ELISA and Western blotting, immunohistochemistry (IHC) is a
general technique that relies on visual detection of proteins in a sample using
antibodies. The main difference is that IHC usually refers to the detection of
antigens in tissue samples. Some authors refer to a variant of this technique
under the term immunocytochemistry, which differs from immunohistochem-
istry in that immunocytochemistry uses cells grown in laboratory culture.

In both techniques, an antibody raised against the protein of interest is incu-
bated with the tissue sample; the tissue is subsequently washed to remove
unbound primary antibody. If the antigen is present in the tissue, bound anti-
bodies stay attached. A secondary, enzyme-conjugated or fluorophore-conju-
gated antibody against the primary antibody is added to the reaction. Finally,
the addition of the substrate causes a color change in the locations that con-
tain the antigen of interest. These can be directly observed using a micro-
scope. In the case of a fluorophore-labeled antibody, a fluorescent microscope
would be used for visualization, eliminating the need for the substrate-enzyme
reaction (see Figure 3-116).

Use

In a clinical setting, immunohistochemistry is commonly used in histopathol-
ogy, often to detect a specific cancer antigen in a tissue sample, thus confirm-
ing the tumor type. Tissue can come from diagnostic biopsies or tumor sam-
ples following resection.

Fluorescent/staining tag

l/ Goat antirabbit
l/ Rabbit anti-A

AA

Cell

FIGURE 3-116. Immunohistochemical detection. An antibody specific to the protein of
interest is incubated with a clinical sample and allowed to bind to it. Then a secondary anti-
body is used to provide a visual signal, which identifies and localizes the protein of interest if it
is present in the sample.
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CLINICAL EXAMPLES

Immunohistochemical techniques are used to detect the presence of markers
such as the carcinoembryonic antigen (CEA) in adenocarcinomas, CD15
and CD30 in Hodgkin’s disease, O-fetoprotein in yolk sac tumors and hepa-
tocellular carcinoma, CD117 in gastrointestinal stromal tumors (GIST), and
prostate-specific antigen (PSA) in prostate cancer.

Radioimmunoassay
PRINCIPLE

Radioimmunoassay (RIA) is a technique used to measure small amounts of
antigen in clinical samples. The protein of interest is first labeled with a
radioactive isotope and allowed to bind to the antibody against that protein
until the point of saturation. The clinical sample is then added to the mix,
causing any antigen in the sample to displace the radioactively labeled one
from the antibodies. This free radiolabeled antigen is then measured in the
solution, making it possible to calculate the amount of the antigen in the orig-
inal sample.

Use

RIA is used most commonly to measure various hormone levels in patients.
It is also sometimes used to measure the amounts of vitamins, enzymes, and
drugs in clinical samples.

CLINICAL EXAMPLES

RIA is routinely used to measure the levels of TSH, T;, and T, as part of a
thyroid disease workup, as well as insulin levels in patients with suspected dia-
betes mellitus or insulinomas.

RNA-BASED LAB TESTS

Northern Blotting
PRINCIPLE

Northern blotting is similar to Southern and Western blotting, except that the
substance being analyzed is RNA, rather than DNA or protein. In Northern
blotting, a sample of RNA is run on an agarose gel and is then transferred
