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Preface to the Third Edition

Pathophysiology describes the mechanisms
which lead from the primary cause via indivi-
dual malfunctions to a clinical picture and its
possible complications. Knowledge of these
mechanisms serves patients when the task is
to develop a suitable therapy, alleviate symp-
toms, and avert imminent resultant damage
caused by the disease.

Our aim inwriting this Atlas of Pathophysiol-
ogy was to address students of medicine, both
prior to and during their clinical training, and
also qualified doctors as well as their co-work-
ers in the caring and therapeutic professions
and to provide them with a clear overview in
words and pictures of the core knowledge of
modern pathophysiology and aspects of patho-
biochemistry.

The book begins with the fundamentals of
the cell growth and cell adaptation as well as
disorders of signal transduction, cell death, tu-
mor growth, and aging. It then covers a wide
range of pathomechanisms affecting tempera-
tur balance, diseases of the blood, lungs, kid-
neys, gastrointestinal tract, heart and circula-
tion, metabolism including endocrinal ab-
normalities, skeletal muscle, the senses, and
the peripheral and central nervous system. Fol-
lowing a short review of the fundamentals of
physiology, the causes, course, symptoms, and
arising complications of disease processes are
described along with the pathophysiological
basis of therapeutic intervention.

The book has met the interest of numerous
readers and thus a third edition has become
necessary. The new edition provided us with
the opportunity to critically review the former
edition and to include new knowledge. We
continue to appreciate any critical comments
and ideas communicated to us from the reader-
ship.

The third edition of the Atlas would again
have been inconceivable without the great
commitment, amazing creativity and outstand-
ing expertise of the graphic designers, Ms.
Astried Rothenburger and Mr. Rüdiger Gay. We
would like to extend our warmest gratitude to
them for their renewed productive co-opera-
tion. Our thanks also go to our publishers, in
particular Ms. Angelika Findgott, Ms. Annie
Hollins, Ms. Joanne Stead, and Mr. Martin
Teichmann for their exceptional skill and en-
thusiasm in editing and producing the 3rd edi-
tion of the Atlas. Ms. Katharina Völker once
again did a great job during the updating of
the subject index, Ms. Tanja Loch during proof-
reading.

Wehope that readers continue to find in this
Atlas what they are looking for, that they find
the text and pictures understandable, and that
they enjoy using this book throughout their
studies and their working life.

Würzburg and Tübingen, Germany
June 2015

Stefan Silbernagl and Florian Lang
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1 Fundamentals S. Silbernagl and F. Lang

Cell Growth and Cell Adaptation

In the middle of the 19th century Rudolf Vir-
chow first conceived his idea of cellular pathol-
ogy, i.e., that disease is a disorder of the physio-
logical life of the cell. The cell is the smallest
unit of the living organism (Wilhelm Roux),
i.e., the cell (and not any smaller entity) is in a
position to fulfill the basic functions of the
organism, namely metabolism, movement, re-
production and inheritance. The three latter
processes are made possible only through cell
division, although cells that can no longer
divide can be metabolically active and are in
part mobile.

With the exception of the germ cells, whose
chromosome set is halved during meiotic divi-
sion (meiosis), most cells divide after the chro-
mosome set has first been replicated, i.e., after
mitosis (so-called indirect division of the nu-
cleus) followed by division of the cell (cytokine-
sis). In this process, every cell capable of mitosis
undergoes a cell or generation cycle (→A) in
which one mitosis (lasting ca. 0.5–2 h) is al-
ways separated from the next one by an inter-
phase (lasting 6–36 h, depending on the fre-
quency of division). Most importantly, the cell
cycle is governed by certain cycle phase–specif-
ic proteins, the cyclines. They form a complex
with a protein kinase, called cdc2 or p34cdc2,
which is expressed during all phases. When cy-
tokinesis is completed (= end of telophase;
→A), cells that continually divide (so-called la-
bile cells; see below) enter the G1 phase (gap
phase 1), during which they grow to full size,
redifferentiate and fulfill their tissue-specific
tasks (high ribonucleic acid [RNA] synthesis,
then high protein synthesis). This is followed
by the S phase, which lasts about eight hours.
During this phase the chromosome set is dou-
bled (high DNA synthesis). After the subse-
quent G2 phase, which lasts about one to two
hours (high protein and RNA synthesis; energy
storage for subsequent mitosis; centriole divi-
sion with formation of the spindle), the next
mitosis begins. The prophase (dedifferentiation
of the cell, e.g., loss of microvilli and Golgi ap-
paratus; chromosomal spiraling) is followed
by the metaphase (nuclear envelope disap-
pears, chromosomes are in the equatorial
plane). Then comes the anaphase (chromo-

some division and migration to the poles) fol-
lowed by the telophase (formation of nuclear
envelope). Cytokinesis begins in the late stage
of the anaphasewith development of the cleav-
age furrow in the cell membrane. After this a
new G1 phase begins.

Cells with a short life-span, so-called labile
cells, continually go through this cell cycle,
thus replacing destroyed cells and keeping the
total number of cells constant. Tissues with la-
bile cells include surface epithelia such as those
of the skin, oral mucosa, vagina and cervix, epi-
thelium of the salivary glands, gastrointestinal
tract, biliary tract, uterus and lower urinary
tract as well as the cells in bone marrow. The
new cells in most of these tissues originate
from division of poorly differentiated stem cells
(→p. 30 ff.). One daughter cell (stem cell) usu-
ally remains undifferentiated, while the other
becomes differentiated into a cell which is no
longer capable of dividing, for example, an
erythrocyte or granulocyte (→A). Spermato-
genesis, for example, is also characterized by
such differentiated cell division.

The cells of some organs and tissues do not
normally proliferate (see below). Such stable
or resting cells enter a resting phase, the G0

phase, after mitosis. Examples of such cells are
the parenchymal cells of the liver, kidneys, and
pancreas as well as connective tissue and mes-
enchymal cells (fibroblasts, endothelial cells,
chondrocytes and osteocytes, and smooth
muscle cells). Special stimuli, triggered by
functional demand or the loss of tissue (e.g.,
unilateral nephrectomy or tubular necrosis; re-
moval or death of portions of the liver) or tis-
sue trauma (e.g., injury to the skin), must occur
before these cells re-enter the G1 phase
(→A,B). Normally less than 1% of liver cells di-
vide; the number rises to more than 10% after
partial hepatectomy.

The conversion from the G0 phase to the G1

phase and, more generally, the trigger for cell
proliferation requires the binding of growth
factors (GFs) and growth-promoting hormones
(e.g. insulin) to specific receptors that are usu-
ally located at the cell surface. However, in the
case of steroid receptors these are in the cyto-
plasm or in the cell nucleus (→C). The GF re-
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ceptors are activated (usually tyrosine kinase
activity; → p. 7 f., A10), which results in phos-
phorylation of a number of proteins. Lastly, the
signaling cascade reaches the nucleus, DNA
synthesis is stimulated and the cell divides
(→ p. 16).

In addition to tissue-specific growth factors
(e.g., hepatic growth factor [HGF] in the liver),
there are those with a wider spectrum of ac-
tion, namely epidermal growth factor (EGF),
transforming growth factor (TGF-α), platelet-
derived growth factor (PDGF), fibroblast
growth factor (FGF) as well as certain cytokines
such as interleukin 1 and tumor necrosis factor
(TNF). Growth inhibition (→ p. 16) occurs, for
example, in an epithelium in which a gap has
been closed by cell division, when neighboring
cells come into contact with one another (con-
tact inhibition). Even compensatory growth in
the liver stops (→ B) when the original organ
mass has been regained. TGF-β and interferon-
β are among the signals responsible for this
growth regulation.

The regeneration of labile and stable cells
does not necessarily mean that the original tis-
sue structure is reconstituted. For this to hap-
pen, the extracellular matrix must be intact, as
it serves as the guiding system for the shape,
growth, migration, and differentiation of the
cell (→ C). The extracellular matrix consists of
fibrous structural proteins (collagen I, II and V;
elastin) and an intercellular matrix of glycopro-
teins (e.g., fibronectin and laminin) that are
embedded in a gel of proteoglycans and glyco-
saminoglycans. The extracellular matrix bor-
ders on epithelial, endothelial, and smooth
muscle cells in the form of basal lamina (→ E).
Integrins are proteins of the cell membrane
that connect the extracellular matrix with the
intracellular cytoskeleton and transmit signals
for the growth, migration, and differentiation
of the cell to the cell interior (→ C). If, as hap-
pens in severe tissue damage, the matrix is ex-
tensively destroyed (e.g., in a deep gastric ulcer
[→ p. 156ff.] or large skin wound), the original
tissue is replaced by scar tissue. In this case oth-
erwise resting cells of the connective tissue
and mesenchyme also proliferate (see above).

When so-called permanent cells have died
they can hardly be replaced, because they are

unable to divide. Such cells include, among
others, nerve cells in adults. The capability of
regeneration of an adultʼs cardiac and skeletal
muscle cells is also very limited (→ e.g., myo-
cardial infarction; p. 234).

Adaptation to changed physiological or un-
physiological demands can be achieved
through an increase or decrease in the number
of cells (hyperplasia or aplasia; →D, E). This can
be triggered by hormones (e.g., development of
secondary sex characteristics and growth of
mammary epithelium during pregnancy) or
can serve the process of compensation, as in
wound healing or after reduction of liver pa-
renchyma (→ B). Cell size may either increase
(hypertrophy), or decrease (atrophy) (→ E).
This adaptation, too, can be triggered hormon-
ally, or by an increase or decrease in demand.
While the uterus grows during pregnancy by
both hyperplasia and hypertrophy, skeletal
and cardiac muscles can increase their strength
only by hypertrophy. Thus, skeletal muscles hy-
pertrophy through training (body-building) or
atrophy from disuse (e.g., leg muscle in a plas-
ter cast after fracture or due to loss of innerva-
tion). Cardiac hypertrophy develops normally
in athletes requiring a high cardiac output (cy-
cling, cross-country skiing), or abnormally, for
example, in hypertensive people (→p. 222ff.).
Atrophied cells are not dead; they can be reacti-
vated—with the exception of permanent cells
(brain atrophy). However, similar signal path-
ways lead to atrophy and to “programmed cell
death” or apoptosis (→p. 14), so that an in-
creased number of cells may die in an atrophic
tissue (→D).

Metaplasia is a reversible transformation of
one mature cell type into another (→ E). This,
too, is usually an adaptive course of events.
The transitional epithelium of the urinary
bladder, for example, undergoes metaplasia to
squamous epithelium on being traumatized by
kidney stones, and so does esophageal epi-
thelium in reflux esophagitis (→ p. 150ff.), or
ciliated epithelium of the respiratory tract in
heavy smokers. The replacement epithelium
may better withstand unphysiological de-
mands, but the stimuli that sustain lasting
metaplasia can also promote the development
of tumor cells (→ p. 16).
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Abnormalities of Intracellular Signal Transmission

Most hormones bind to receptors of the cell
membrane (→A1–3). Usually through media-
tion of guanine nucleotide-binding proteins (G
proteins), the hormone–receptor interaction
causes the release of an intracellular second
messenger which transmits the hormonal sig-
nal within the cell. A given hormone stimulates
the formation of different intracellular second
messengers. Abnormalities can occur if, for ex-
ample, the number of receptors is reduced (e.g.,
downregulation at persistently high hormone
concentrations), the receptorʼs affinity for the
hormone is reduced, or coupling to the intra-
cellular signaling cascade is impaired (→A; re-
ceptor defects).

The heterotrimeric G proteins consist of
three subunits, namely α, β, and γ. When the
hormone binds to the receptor, guanosine 5′-
triphosphate (GTP) is bound to the α subunit in
exchange for guanosine 5′-diphosphate (GDP),
and the α subunit is then released from the β
subunit. The α subunit that has been activated
in this way is then inactivated by dephosphory-
lation of GTP to GDP (intrinsic GTPase) and can
thus be re-associated with the β-γ subunits.

Numerous peptide hormones activate via a
stimulating G protein (Gs) an adenylyl cyclase
(AC), which forms cyclic adenosine monophos-
phate (cAMP) (→A1). cAMP activates protein
kinase A (PKA), which phosphorylates and
thus influences enzymes, transport molecules,
and a variety of other proteins. cAMP can also
be involved in gene expression via PKA and
phosphorylation of a cAMP-responsive ele-
ment-binding protein (CREB). cAMP is convert-
ed to noncyclic AMP by intracellular phospho-
diesterases and the signal thus turned off. The
following hormones act via an increase in intra-
cellular cAMP concentration: corticotropin
(ACTH), lutotropin (luteinizing hormone [LH]),
thyrotropin (TSH), prolactin, somatotropin,
some of the liberines (releasing hormones
[RH]) and statins (release-inhibiting hormones
[RIH]), glucagon, parathyroid hormone (PTH),
calcitonin, vasopressin (antidiuretic hormone
[ADH]; V2 receptors), gastrin, secretin, vasoac-
tive intestinal peptide (VIP), oxytocin, adeno-
sine (A2 receptor), serotonin (S2 receptor), dop-
amine (D1 receptor), histamine (H2 receptor)
and prostaglandins.

Some peptide hormones and neurotrans-
mitters, for example, somatostatin, adenosine
(A1 receptor), dopamine (D2 receptor), seroto-
nin (S1α), angiotensin II, and acetylcholine (M2

receptor), act by inhibiting AC and thus re-
ducing the intracellular cAMP concentration,
via an inhibiting G protein (Gi) (→A2). Some
hormones can, by binding to different recep-
tors, either increase the cAMP concentration
(epinephrine: β-receptor; dopamine: D1 recep-
tor), or reduce it (epinephrine: α2-receptor;
dopamine: D2 receptor).

The cAMP signaling cascade can be influ-
enced by toxins and drugs, namely cholera toxin
from Vibrio cholerae, the causative organism of
cholera, and other toxins prevent the deactiva-
tion of the αs subunit. The result is the uncon-
trolled activation of AC and subsequently of
cAMP-dependent Cl– channels, so that unre-
strained secretion of sodium chloride into the
gut lumen causes massive diarrhea (→ p. 162).
Pertussis toxin from Hemophilus pertussis, the
bacillus that causes whooping-cough (pertus-
sis), blocks the Gi protein and thus raises the
cAMP concentration (disinhibition of AC).
Forskolin directly stimulates AC, while xanthine
derivatives, for example, theophylline or caf-
feine, inhibit phosphodiesterase and thus the
breakdown of cAMP (→A4). The xanthine de-
rivatives are, however, mainly effective by acti-
vating purinergic receptors.

In addition to cAMP, cyclic guanosine mono-
phosphate (cGMP) serves as an intracellular
messenger (→A5). cGMP is formed by guanylyl
cyclase. cGMP achieves its effect primarily via
activation of a protein kinase G (PKG). Atrial na-
triuretic factor (ANF) and nitric oxide (NO) are
among the substances that act via cGMP.

Other intracellular transmitters are 1,4,5-
inositol triphosphate (IP3), 1,3,4,5-inositol tet-
rakisphosphate (IP4), and diacylglycerol (DAG).
A membrane-bound phospholipase C (PLC)
splits phosphatidylinositol diphosphate (PIP2)
into IP3 and DAG after being activated by a G0

protein. This reaction is triggered by epineph-
rine (α1), acetylcholine (M1 receptor), histamine
(H1 receptor), ADH (V1 receptor), pancreozymin
(CCK), angiotensin II, thyrotropin-releasing
hormone (TRH), substance P, and serotonin (S1

receptor). IP3 releases Ca2+ from intracellular
6
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stores. Emptying of the stores opens Ca2+ chan-
nels of the cell membrane (→A6). Ca2+ can also
enter the cell through ligand-gated Ca2+ chan-
nels. Ca2+, in part bound to calmodulin and
through subsequent activation of a calmodu-
lin-dependent kinase (CaM kinase), influences
numerous cellular functions, such as epithelial
transport, release of hormones, and cell prolif-
eration. DAG and Ca2+ stimulate protein kinase
C (PKC), which in turn regulates other kinases,
transcription factors (see below) and the cyto-
skeleton. PKC also activates the Na+/H+ ex-
changer leading to cytosolic alkalization and an
increase in cell volume. Numerous cell func-
tions are influenced in this way, among them
metabolism, K+ channel activities, and cell divi-
sion. PKC is activated by phorbol esters (→A8).

Ca2+ activates an endothelial NO synthase,
which releases NO from arginine. NO stimu-
lates, e.g., in smooth muscle cells, a protein ki-
nase G, which fosters the Ca2+ extrusion, de-
creases cytosolic Ca2+ concentration and thus
leads to vasodilation. NO also acts through ni-
trosylation of proteins.

Insulin and growth factors activate tyrosine
kinases (→A8), which can themselves be part
of the receptor or associate with the receptor
upon stimulation. Kinases are frequently effec-
tive through phosphorylation of further ki-
nases, triggering a kinase cascade. Tyrosine ki-
nases, for instance, activate—with the involve-
ment of the small G-protein Ras—the protein
kinase Raf, which triggers via a MAP-kinase-ki-
nase the MAP (mitogen activated) kinase. This
“snowball effect” results in anavalanche-like in-
crease of the cellular signal. The p-38kinase and
the Jun kinase that regulate gene expression via
transcription factors are also activated via such
cascades. Janus kinases (JAK) activate the tran-
scription factor STAT via tyrosine phosphoryla-
tion, thereby mediating the effects of interfer-
ons, growth hormones, and prolactin. Activin,
anti-müllerian hormone, and the transforming
growth factor TGF-β regulate the Smad tran-
scription factors via a serine/threonine kinase.

Phosphorylated proteins are dephosphory-
lated by phosphatases, which thus terminate
the action of the kinases. The Ca2+-activated
phosphatase calcineurinactivates the transcrip-
tion factor NFAT, which, among other actions,
promotes hypertrophyof vascular smoothmus-
cle cells and activation of T-lymphocytes.

Transcription factors (→A9) regulate the
synthesis of new proteins. They travel into the
nucleus and bind to the appropriate DNA se-
quences, thus controlling gene expression.
Transcription factors may be regulated by
phosphorylation (see above).

The degradation of proteins is similarly un-
der tight regulation. Ubiquitin ligases attach
the signal peptide ubiquitin at the respective
proteins. Ubiquitinylated proteins are degraded
through the proteasome pathway. Regulation
of ubiquitin ligases includes phosphorylation.

Arachidonic acid, a polyunsaturated fatty
acid, can be split from membrane lipids, in-
cluding DAG, by phospholipase A (→A10).
Arachidonic acid itself has some cellular effects
(e.g., on ion channels), but through the action
of cyclo-oxygenase can also be converted to
prostaglandins and thromboxane, which exert
their effects partly by activating adenylyl cy-
clase and guanylyl cyclase. Arachidonic acid
can also be converted to leukotrienes by lipoxy-
genase. Prostaglandins and leukotrienes are
especially important during inflammation
(→p. 52 ff.) and not only serve as intracellular
messengers, but also as extracellular mediators
(→p. 322). Lipoxygenase inhibitors and cyclo-
oxygenase inhibitors, frequently used thera-
peutically (e.g., as inhibitors of inflammation
and platelet aggregation), inhibit the formation
of leukotrienes and prostaglandins.

Some mediators (e.g., the tumor necrosis
factor [TNF] and CD95 [Fas/Apo1] ligand) acti-
vate acid sphingomyelinase, which forms cer-
amide from sphingomyelin (→A11). Ceramide
triggers a series of cellular effects, such as acti-
vation of small G proteins (e.g., Ras), of kinases,
phosphatases, and caspases, i.e. proteases
which cleave proteins at cysteine-aspartate
sites. The effects of ceramide are especially im-
portant in signal transduction of apoptotic cell
death (→ p. 14).

Steroid hormones (glucocorticoids, aldoste-
rone, sex hormones), thyroid hormones (TR),
calcitriol (VDR), retinoids (RAR), and lipids
(PPAR) bind to intracellular (cytosolic or nucle-
ar) receptor proteins (→A12). The hormone-re-
ceptor complex attaches itself to the DNA of the
cell nucleus and in this way regulates protein
synthesis. Hormones can also block transcrip-
tion. For instance, calcitriol inhibits transcrip-
tion factor NFκB (p. 10) through the vitamin D
receptor (VDR).
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PI3-Kinase-Dependent Signal Transduction

The phosphatidylinositol-3-kinase (PI3-kinase)
is bound to phosphorylated tyrosine residues
and associated IRS1 (insulin receptor substrate
1) of activated growth factor and insulin re-
ceptors (→A1). The PI3-kinase generates
PI3,4,5 P3 (phosphatidylinositol-3,4,5-triphos-
phate), which is anchored in the cell mem-
brane. PI3,4,5 P3 binds to PDK1 (phosphoinosi-
tide-dependent kinase 1) and protein kinase B
(PKB/Akt). PDK1 then phosphorylates and thus
activates PKB/Akt (→A2). It is inhibited by cal-
citriol (p. 7).

PKB/Akt stimulates several transport pro-
cesses, such as the glucose carrier GLUT4 (→A3).
It phosphorylates and thus inactivates the anti-
proliferative and proapoptotic forkhead tran-
scription factor FKHRL1 (FoxO1) and thus fosters
cell proliferation and counteracts apoptosis
(→A4). PKB/Akt further phosphorylates and
thereby activates MDM2, which inhibits the
proapoptotic transcription factor p53 (→A5).

PDK1 and PKB/Akt regulate gene expression
further via the transcription factor NFκB
(→A6). NFκB is bound to the inhibitory protein
IκB and is thereby retained in the cytosol. IκB is
phosphorylatedby IκBkinase (IKK) leading to its
ubiquitinylation and degradation. In the ab-
sence of IκB, NFκB travels into the nucleus and
stimulates gene expression. Functions stimulat-
ed byNFκB include the synthesis of extracellular
matrix proteins favoring the development of fi-
brosis. PKB/Akt phosphorylates and thereby ac-
tivates IKK leading to activationofNFκB. The IKK
is further activated by TNF-α and interleukin 1.

PKB/Akt phosphorylates Bad (→A7), a pro-
tein stimulating the release of cytochrome c
from mitochondria and thereby triggering
apoptosis (→ p. 14). Phosphorylated Bad is
bound to protein 14-3-3 and is thus prevented
from interacting with mitochondria. PKB/Akt
phosphorylates and thereby inactivates cas-
pase 9, a protease similarly involved in the sig-
naling cascade leading to apoptosis (→ p. 14).
Accordingly, PKB/Akt inhibits apoptosis.

PKB/Akt phosphorylates and thereby acti-
vates NO synthase. NO may similarly inhibit
apoptosis. PKB/Akt activates p47Phox and thus
stimulates the formation of reactive oxygen
species (ROS) (→A8).

PKB/Akt phosphorylates and thereby inac-
tivates tuberin, which forms a complex with

hamartin (tuberin sclerosis complex, TSC). TSC
inactivates the small G-protein Rheb (→A9).
Activated Rheb stimulates the kinase mTOR
(mammalian target of rapamycin), a protein
that stimulates cellular substrate uptake, pro-
tein synthesis, and cell proliferation. The inhi-
bition of tuberin by PKB/Akt therefore stimu-
lates mTOR. Conversely, TSC is stimulated and
thus mTOR is inhibited by the AMP-activated
kinase (AMPK). Energy depletion increases the
cellular AMP concentration and thus activates
AMPK, which in turn inhibits mTOR.

PKB/Akt phosphorylates, and thereby inacti-
vates, glycogen synthase kinase 3 (GSK3α and
GSK3β) (→A10). The GSK3 is further inhibited
by the growth factor Wnt, an effect involving
the frizzled receptor and the dishevelled pro-
tein. GSK3 binds to a protein complex consist-
ing of axin, von Hippel–Lindau protein (vHL),
and adenomatous polyposis coli (APC). The
complex binds the multifunctional protein β-
catenin. GSK3 phosphorylates β-catenin, thus
triggering its degradation. β-Catenin may bind
to E-cadherin, which establishes a contact to
neighboring cells. Free β-catenin travels into
the nucleus, interacts with the TCF/Lef tran-
scription complex and thus stimulates the ex-
pression of several genes important for cell
proliferation. Wnt and activated PKB/Akt foster
cell proliferation in part through inhibition of
GSK3 and subsequent stimulation of β-cate-
nin-dependent gene expression.

PDK1 phosphorylates and thereby activates
serum- and glucocorticoid-inducible kinase
(SGK1). The expression of SGK1 is stimulated
by glucocorticoids, mineralocorticoids, TGF-β,
hyperglycemia, ischemia, and hyperosmolarity.
SGK1 stimulates a variety of carriers, channels,
and theNa+/K+ ATPase. Thekinase shares sever-
al target proteinswith PKB/Akt. Following stim-
ulation of its expression, it may play a leading
part in PI3K-dependent signaling. SGK1 pro-
motes hypertension, obesity, development of
diabetes, platelet activation, and tumor growth.

The phosphatase PTEN dephosphorylates
PI3,4,5 P3 and thereby terminates PI3,4,5 P3‑de-
pendent signal transduction (→A11). Accord-
ingly, PTEN inhibits cell proliferation. Oxidative
stress (→ p. 92) inactivates PTEN and thus in-
creases the activity of Akt/PKB and SGK.
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Necrotic Cell Death

The survival of the cell is dependent on the
maintenance of cell volume and the intracellu-
lar milieu (→A). As the cell membrane is highly
permeable to water, and water follows the os-
motic gradient (→A1), the cell depends on
osmotic equilibrium to maintain its volume. In
order to counterbalance the high intracellular
concentration of proteins, amino acids, and
other organic substrates, the cell lowers the cy-
tosolic ionic concentration. This is accom-
plished by the Na+/K+-ATPase, which pumps
Na+ out of the cell in exchange for K+ (→A2).
Normally the cell membrane is only slightly
permeable for Na+ (→A3), but highly perme-
able for K+, so that K+ diffuses out again
(→A4). This K+-efflux creates an inside nega-
tive potential (→A5) which drives Cl– out of
the cell (→A6). The low cytosolic Cl– concen-
tration osmotically counterbalances the high
cytosolic concentration of organic solutes. The
Na+/K+-ATPase uses up adenosine 5′-triphos-
phate (ATP) and maintenance of a constant cell
volume thus requires energy.

Reduction in cytosolic Na+ concentration by
the Na+/K+-ATPase is necessary not only to
avoid cell swelling, but also because the steep
electrochemical gradient for Na+ is utilized for
a series of transport processes. The Na+/H+ ex-
changer (→A9) eliminates one H+ for one Na+,
while the 3 Na+/Ca2+ exchanger (→A8) elimi-
nates one Ca2+ for 3 Na+. Na+-bound transport
processes also allow the (secondarily) active
uptake of amino acids, glucose, phosphate, etc.
into the cell (→A7). Lastly, depolarization
achieved by opening the Na+ channels
(→A10) serves to regulate the function of ex-
citable cells, e.g., signal processing and trans-
mission in the nervous system and the trigger-
ing of muscle contractions.

As the activity of Na+-transporting carriers
and channels continuously brings Na+ into the
cell, survival of the cell requires the continuous
activity of the Na+/K+-ATPase. This intracellular
Na+ homeostasis may be disrupted if the activ-
ity of the Na+/K+-ATPase is impaired by ATP de-
ficiency (ischemia, hypoxia, hypoglycemia). The
intracellular K+ decreases as a result, extracel-
lular K+ rises, and the cell membrane is depo-
larized. As a consequence, Cl– enters the cell
and the cell swells up (→ B). These events also

occur when Na+ entry exceeds the maximal
transport capacity of the Na+/K+-ATPase. Nu-
merous endogenous substances (e.g., the neu-
rotransmitter glutamate) and exogenous poi-
sons (e.g., oxidants) increase the entry of Na+

and/or Ca2+ via the activation of the respective
channels (→ B).

The increase in cytosolic Na+ concentration
not only leads to cell swelling, but also, via im-
pairment of the 3Na+/Ca2+ exchanger, to an in-
crease in cytosolic Ca2+ concentration. Ca2+

produces a series of cellular effects (→p. 6ff.),
including penetration into the mitochondria
and, via inhibition of mitochondrial res-
piration, ATP deficiency (→ B).

If there is a lack of O2, energy metabolism
switches to anaerobic glycolysis. The formation
of lactic acid, which dissociates into lactate and
H+, causes cytosolic acidosis that interferes
with the functions of the intracellular enzymes,
thus resulting in the inhibition of glycolysis so
that this last source of ATP dries up (→ B). The
generation of lactate further leads to extracel-
lular acidosis, which influences cell function
through H+-sensing receptors and channels.

During energy deficiency, the cell is more
likely to be exposed to oxidative damage, be-
cause the cellular protective mechanisms
against oxidants (O2 radicals) are ATP-depen-
dent (→ B). Oxidative stress may destroy the
cell membrane (lipid peroxidation) and intra-
cellular macromolecules may be released in
the intracellular space. As the immune system
is not normally exposed to intracellular macro-
molecules, there is no immune tolerance to
them. The immune system is activated and in-
flammation occurs, resulting in further cell
damage.

The time-span before necrotic cell death oc-
curs due to interruption of energy supply de-
pends on the extent of Na+ and Ca2+ entry, and
thus, for example, on the activity of excitable
cells or the transport rate of epithelial cells. As
the voltage-gated Na+ channels of excitable
cells are activated by depolarization of the cell
membrane, depolarization can accelerate cell
death. Hypothermia decreases the activity of
those channels and thus delays the machinery
leading to cell death.12
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Apoptotic Cell Death

Every day hundreds of billions of cells in our
body are eliminated and replaced by division
of existing cells (→ p. 2ff.). Apoptosis, as op-
posed to necrosis (→p. 12), is programmed
cell death and, like cell division (→ p. 2 ff., 16),
is a finely regulated physiological mechanism.
Apoptosis serves to adapt the tissue to chang-
ing demands, to eliminate superfluous cells
during embryonic development and to remove
harmful cells such as tumor cells, virus-infected
cells, or immune-competent cells that react
against the bodyʼs own antigens.

Apoptosis is mediated by a signaling cascade
(→A): the stimulation of distinct receptors (see
below), excessive activation of Ca2+ channels,
oxidative stress, or cell injury by other mecha-
nisms leads to activation of protein-cleaving
caspases and of a sphingomyelinase that re-
leases ceramide from sphingomyelin. Incorpo-
ration of the proteins Bak or Bax into the mito-
chondrial membrane leads to depolarization of
the mitochondria and cytochrome c release, ef-
fects inhibited by the similar proteins Bcl-2 and
Bcl-xL. The effect of Bcl-xL is in turn abrogated
by the related protein Bad. After binding to the
APAF-1 protein, cytochrome c released from
the mitochondria activates caspase 9. The cas-
cade eventually results in the activation of cas-
pase 3, which stimulates an endonuclease lead-
ing to DNA fragmentation. The protease cal-
pain is activated, which degrades the cyto-
skeleton. The cell loses electrolytes and organic
osmolytes, proteins are broken down, and the
cell finally shrinks and disintegrates into small
particles. Scrambling of the cell membrane
leads to phosphatidylserine exposure at the
cell surface, which fosters the binding and sub-
sequent engulfment of cellular particles by
macrophages. In this way the cell disappears
without intracellular macromolecules being
released and, therefore, without causing in-
flammation. PKB/Akt inhibits apoptosis by
phosphorylation and thus inactivation of Bad,
caspase 9, and proapoptotic forkhead tran-
scription factors (→p. 10).

Apoptosis is triggered (→A), for example, by
TNF-α, glucocorticoids, cytotoxic drugs, activa-
tion of the CD95 (Fas/Apo1) receptor or the
withdrawal of growth factors (GFs). DNA dam-
age encourages apoptosis via a p53 protein. In
ischemia, for example, the affected cells some-
times express the CD95 receptor and thus enter
apoptosis. In this way they “anticipate necrotic
cell death” and so prevent the release of intra-
cellular macromolecules that would cause in-
flammation (→ p. 12).

Pathologically increased apoptosis (→ B)
may be triggered by ischemia, toxins, massive
osmotic cell shrinkage, radiation, or inflamma-
tion (infections, autoimmune disease). The
apoptosis may result in the inappropriate
death of functionally essential cells, leading to
organ insufficiency (→ B). In this way apoptosis
will, for example, bring about transplant rejec-
tion, neuronal degeneration (e.g., Parkinsonʼs or
Alzheimerʼs disease, amyotrophic lateral scle-
rosis, quadriplegia, multiple sclerosis) as well
as toxic, ischemic, and/or inflammatory death
of liver cells (liver failure), of B cells of the
pancreatic islets (type 1 diabetes mellitus), of
erythropoietic cells (aplastic anemia), or of
lymphocytes (immunodeficiency, e.g., in HIV
infection).

Pathologically reduced apoptosis leads to an
excess of affected cells (→C). Among the causes
are disorders of endocrine or paracrine regula-
tion, genetic defects, or viral infections (e.g.,
with the Epstein–Barr virus). Absent apoptosis
of virus-infected cells can result in persistent
infections. Cells that escape apoptosis can de-
velop into tumor cells. Insufficient apoptosis of
immunocompetent cells, directed against the
bodyʼs own cells, is a cause of autoimmune dis-
ease (→ p. 60). In addition, an excess of cells can
cause functional abnormalities, for example,
persistent progesterone formation in the ab-
sence of apoptosis of the corpus luteum cells.
Lack of apoptosis can also result in abnormal
embryonic development (e.g., syndactyly).

14
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Development of Tumor Cells

Cell division is normally precisely adapted, via
growth factors (GFs), to meet the specific re-
quirement of cells (→ p. 4). The GFs stimulate
tyrosine kinases (→A1). The phosphotyrosine
residues bind to adaptor proteins (GRB2) and
the GDP/GTP exchange factor SOS which then
activates the small G protein Ras. The latter,
via serine/threonine kinase Raf (→A2), stim-
ulates the mitogen-activated protein kinase
cascade (MAPK cascade) and thus activates
transcription factors which induce the expres-
sion of genes essential for cell division, e.g., Fos,
Jun, Myc, Myb, Rel, E2F and DP1. The expres-
sion of Myc is further stimulated by β-catenin
(→ p. 10). Thyroid hormones bind to nuclear
receptors (ErbA; →A3), the hormone–receptor
complex then similarly promotes gene expres-
sion and cell division. Substrate uptake and cell
proliferation are further stimulated by the ki-
nase mTOR (→p. 10).

Growth-inhibiting factors normally stop ex-
cess cell division. They become effective, for ex-
ample, when the cell contains damaged DNA
and cell division would lead to defective
daughter cells being formed. The retinoblasto-
ma protein (Rb), e.g., binds to and inactivates
the transcription factors E2F and DP1 (→A4).
For its part Rb is kept inactivated by the com-
plex consisting of cyclin E and the kinase CDK2

(= E-CDK2) as well as the complex of cyclin D
and the kinase CDK4 (= D-CDK4). In this way
E‑CDK2 and D-CDK4 promote cell division.
Their effect is canceled by the p21-protein that
is expressed under the influence of transcrip-
tion factor p53. The latter therefore inhibits
cell division (→A4). The expression of several
growth factors is inhibited by the transcription
regulator WT1, which is partially effective
through p53. Degradation of β-catenin is trig-
gered by binding to the protein complex con-
sisting of von Hippel–Lindau protein (vHL), ad-
enomatous polyposis coli (APC), and glycogen
synthase kinase 3β (GSK-3β, →p. 10), and the
inactivation of mTOR by a complex consisting
of tuberin and hamartin (→ p. 10). Cell prolifer-
ation is further inhibited by the Ca2+ receptor.

Oncogenes can arise through mutations of
proliferation-relevant genes. Oncoproteins, the
products of oncogenes, are active even without

physiological stimulators and can thus trigger
cell proliferation independent of physiological
growth factors. Examples of oncoproteins
(→A; violet boxes) are:
– growth factors that are formed by tumor

cells and stimulate their own cell division
(e.g., Sis)

– receptors for thyroid hormones (ErbA)
– receptors for growth factors (e.g., ErbB, Fms)
– tyrosine kinases (e.g., Abl, Src, Fes)
– small G proteins (Ras)
– serine/threonine kinases (e.g., Raf, Mos)
– and transcription factors

(Fos, Jun, Myc, Myb, Rel)
As an example, inactivation of Ras is accelerat-
ed by a GTPase-activating protein (GAP) (→ B).
Mutations of Ras may cancel its sensitivity to
GAP, and Ras remains active.

Tumors may result from defective prolifera-
tion-inhibiting proteins. Thus, a loss of Rb (reti-
noblastoma) or p53 (Li-Fraumeni syndrome)
promotes uncontrolled cell division (→A5).
Moreover, genetic defects of WT1 (Wilms tu-
mor), vHL (von Hippel–Lindau disease), APC
(familial adenomatous polyposis coli), tuberin
(tuberous sclerosis), and PTEN (→p. 10, e.g.,
breast tumors) increase tumor incidence.

Mutations (→A, left) can be triggered by
chemical carcinogens or radiation, whereby
disorders of DNA repair favor the occurrence of
mutations. Cells are especially sensitive to mu-
tations during mitosis, i.e., proliferating tissues
(e.g., inflammations and tissue lesions) are
more frequently subject to mutation than fully
differentiated tissue. Tumor-favoring muta-
tions can also be inherited. Lastly, viruses can
bring oncogenes into the host cells (→A6, B1),
or can encourage malignant degeneration by
inactivation (Rb, p53) or activation (e.g. Bcl2)
of host-specific proteins.

A singlemutation is not sufficient for the de-
velopment of a tumor; several mutations must
occur (→ C2) before the cell is transformed
into a tumor cell. Tumor promoters (e.g., phor-
bol esters; → p. 6) promote the replication of
mutated cells and thus the development of tu-
mors, without themselves causing mutations
(→C3).
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Effects of Tumors

If uncontrolled cell division occurs (→ p. 16),
cells undergo increasing dedifferentiation. If
this happens, the changed cells are often rec-
ognized and eliminated by the immune system.
Tumor cells can escape this development by, for
example, expressing the ligand for the CD95 re-
ceptor (→A1) on their surface and thus driving
the lymphocytes to apoptosis (→p. 14). A com-
promised immune response (e.g., HIV infection;
→ p. 62) also helps tumor cells to survive.

If the tumor cell proliferates, a tumor devel-
ops that may have severe consequences
through its local extension alone. Thus, a brain
tumor can displace neighboring neurons and
may thus cause, for example, epilepsy (→A2
and p. 364). As the bony nature of the cranium
prevents any significant increase in brain vol-
ume, a brain tumor ultimately leads to a life-
threatening increase in intracranial pressure
(→ p. 384). A bronchial carcinoma can interrupt
the supply of air to the related alveoli and thus
provoke their collapse (atelectasis; → p. 76).

Markedly dedifferentiated tumors gain the
capacity to migrate to other tissues (metasta-
sis; →A3). For this to occur, the tumor cell
must free itself from the bonds to its neighbor
cells, intrude into blood vessels, leave the
bloodstream on reaching another organ, and
form new colonies there. Leaving the original
site of the cell requires the ability to migrate
and the breakdown of tissue boundaries. The
latter is achieved by releasing proteolytic en-
zymes or by suppressing the expression or ac-
tion of proteinase inhibitors. Once the tumor
cells have entered a blood vessel they get stuck
in the next capillary. To leave the bloodstream
they must dock onto specific adhesion mole-
cules of the endothelium and break through
the vessel wall.

The increase in size of the tumor or its
metastases requires appropriate capillariza-
tion, so that the tumor is supplied with O2 and
substrates. Angiogenesis is stimulated through
the release of mediators and can be inhibited
by angiogenesis inhibitors (e.g. angiostatin, en-
dostatin). If the tumor is very large, the neces-
sary additional blood flow through the tumor
increases the circulatory load (cardiac output;
→ B).

The energy requirement of the tumor cells is
frequently met by anaerobic glycolysis, even if
the O2 supply is adequate, although the energy
yield per mol glucose is only 5% of the oxida-
tive glucose breakdown. The result is hypogly-
cemia and acidosis (→ B). The hypoglycemia
stimulates the release of glucagon, epineph-
rine, and glucocorticoids that promote the
breakdown of fat and protein. Ultimately, pa-
tients will lose weight (tumor cachexia; → B).
Sometimes tumor cells can activate hemostasis
and/or fibrinolysis so that blood clotting or
blood loss may occur. Hemorrhage, the high
iron requirement of tumor cells and tumor ca-
chexia commonly lead to anemia (→p. 40 ff.).

Tumors often cause abnormalities by a
marked increase of tissue-specific activities, or
by taking on new, non-tissue-specific activi-
ties. Thus, plasma-cell tumors frequently form
large amounts of abnormal antibodies that
damage organs, for example, the kidneys
(→p. 112). Through their dedifferentiation, tu-
mor cells also express proteins, against which
antibodies can be formed. Antibodies that
have been formed by or against tumor cells
can, among other effects, block ionic channels
and receptors and thus, for example, cause
myasthenia (→p. 330).

Even small tumors of endocrine tissues and
dedifferentiated tumors of non-endocrine tis-
sues (in particular small-cell bronchial carcino-
ma) frequently cause massive hormonal abnor-
malities (→ B). The increased release of hor-
mones can result in numerous abnormalities
(→ chap. 9), for example, raised blood pressure,
hypotonic hyperhydration, catabolism, acro-
megaly, hypoglycemia, bone breakdown, hy-
percalcemia and renal stones, polycythemia,
hyperthyroidism, virilization, galactorrhea, di-
arrhea, and peptic ulcers. On the other hand,
hormones are used as diagnostic tumor mark-
ers, e.g. calcitonin (medullary thyroid carcino-
ma), chorionic gonadotropin (testicular carci-
noma and others) and ACTH (lung tumors).

Death of tumor cells, through the release of
cellular K+, results in hyperkalemia, and the
breakdown of nucleic acid leads to hyperurice-
mia (→ B and p. 272).
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Aging and Life Expectancy

Aging is a normal, inevitable process that ends
with death. While themean life expectancy of a
newborn is estimated to have been a mere 10
years 50 000 years ago and ca. 25 years in an-
cient Rome (→A1), in 2006 (→G) it was be-
tween 34 (Swaziland) and 83 (Andorra) years.
Life expectancy is dependent on gender; inGer-
many it is 76.9 years formales and 82.3 years for
females.

Mean life expectancy increases with age, as those in-
dividuals reaching that age cannot have died earlier.
In Germany the mean life expectancy in 2008 for a
70-year-old male was 82 years and for a 70-year-old
female 85 years.

It is mainly due to decreased infant mortality
and the effective treatment of infections (espe-
cially in children) that life expectancy in the in-
dustrial nations has increased markedly in the
past 100 years (e.g., in the USA from 42 to 74
years in men and to 80 in women). As a result,
diseases of the elderly are the most common
causes of death: ca. 50% are diseases of the car-
diovascular system; 25% are tumors.

These are largely diseases that prevent a
maximal life-span being reached, which, now
as in the past, is about 100 years (→A1). Thus,
of those aged 98 years, only 10% will still be
alive three years later and after 10 years only
0.005% (→A2). The world record set by the
French woman Jeanne Calment (122 years) is
thus an extremely rare exception.

Many inherited diseases and (often polyge-
netically) inherited risk factors have a second-
ary effect on life-span, e.g., in favoring the de-
velopment of certain tumors. Studies of mono-
zygotic (uniovular) twins have, however,
shown that at least two thirds of the variability
in life-span is not genetically determined.

As one gets older, a reduction of bodily func-
tions (→C) occurs, for example, of maximum
breathing capacity, cardiac output (CO), maxi-
mal O2 uptake, and glomerular filtration rate
(GFR). Muscle and bone mass decrease, while
the amount of fat increases, largely due to en-
docrine factors (→D). For these reasons it is
their frailty that is the limiting factor for most
(otherwise healthy) very old persons. This
weakness of old age is characterized by dimin-
ished muscle power, slowed reflexes, impaired
mobility and balance, and reduced stamina.

The result is falls, fractures, reduced daily phys-
ical activity, and loss of independence. Muscle
weakness is not only caused by physiological
aging processes (→D) and wear and tear (e.g.,
damage to joints), but also by lack of move-
ment, leading to a vicious circle.

Aging of the immune system (immunose-
nescence) contributes to the aging process.
Both innate (natural killer cells [NK], neutro-
phils, monocytes/macrophages, dendritic cells)
and acquired immune response (T- and B-lym-
phocytes) are affected by aging. In the elderly,
activation of the immune response is slowed,
protection by vaccination is compromised and
susceptibility to infectious disease, tumor
growth, and autoimmune disease is enhanced.
Morbidity and mortality increase accordingly.
A Swedish study on the immune-risk profile (IRP) of
80- and 90-year-old individuals revealed increased
numbers of CD8+ T-cells (CMV-specific), decreased
numbers of CD4+ T-cells and CD19+ B-cells as well as
lack of CD28, the costimulator of T-cell activation. An
increased IRP was associatedwith persistent cytome-
galovirus (CMV) infections. It was concluded that im-
munosenescence results from chronic antigen expo-
sure (e.g., CMV).

Age-related problems with memory (especially
problems of orientation in an unaccustomed environ-
ment) seem to be caused by a disturbed long-term
potentiation in the cortex and hippocampus (reduced
density of glutamate receptors, type NMDA, in the
dentate gyrus). It is now doubted whether a signifi-
cant loss of neurons, as in Alzheimerʼs disease or
atherosclerosis-induced reduction in cerebral blood
flow, is part of the normal process of aging.

The causes of aging remain ill defined. Cultured
cells “age,” i.e., they stop proliferating after a
certain number of replications (e.g., fetal lung
fibroblasts after approximately 70 replications,
→ B). Only a few cells are “immortal” (unlimit-
ed cell proliferation, e.g., gonadal cells and he-
mopoietic stem cells, tumor cells pathological-
ly).

Replicative senescence (→ E) is an age-relat-
ed disruption of cell division. Similar to apop-
tosis, replicative senescence prevents in vivo
tumor growth. Somatic mutations affecting
cells in proliferative cell reservoirs may lead to
the development of tumors. A barrier against
tumors is the telomere, a specialized nucleo-
protein complex capping the chromosomes. In
somatic cells the telomere is shortened with
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each cell division. Replication for several gener-
ations (e.g., human fibroblasts ca. 70-fold)
leads to gradual shortening of the telomere,
eventually resulting in instability of the ge-
nome and thus the risk of tumor development.
This risk is reduced by “automatic” activation
of the p53 pathway at deranged telomere func-
tion. The p53 pathway prevents further cell
replication (replicative senescence) and/or
stimulates apoptosis of the affected cells
(→ p. 14). Telomerase, an enzyme reversing the
telomere shortening, counteracts senescence.
In humans, telomerase is active in gonadal
cells, but is turned off in somatic cells with lit-
tle proliferative activity. In contrast, telomerase
activity renders tumor stem cells immortal, al-
lowing indefinite cell replications. Inhibitors of,
or immunization against, telomerase are thus
novel therapeutic approaches against tumor
growth.

Life-span and aging are in part genetically
determined.

For instance, the (very rare) mutation of the
LMNA gene on chromosome 1 leads to defects
of the protein laminin A (progerin), which is
expressed in the nuclear envelope. The result-
ing impairment of cell division leads to proge-
ria type I (Hutchinson–Gilford progeria syn-
drome, HGPS), characterized by premature ag-
ing of skin, bone, and the vascular system from
the first year of life. The children hardly reach
adulthood. Mutations of the RECQL1 gene on
chromosome 8, which encodes a DNA helicase,
leads to defective DNA repair. The disease leads
to premature aging of adult individuals (Wern-
er syndrome = progeria type II).

Several mutations or gene deletions are
known (e.g., age-1, sgk), which may lead to a
several-fold increase of the life-span in the
nematode Caenorhabditis elegans. The age-1
mutation leads to enhanced resistance against
oxidative stress. In humans oxidative damage
similarly contributes to aging, as levels of O2

radical-damaged membrane lipids, DNA, and
proteins are increased and the activity of en-
zymes serving antioxidant defense is de-
creased in the elderly.

The regulation of aging at themolecular level is poor-
ly understood. Aging and life-span are under the pro-
found influence of KLOTHO, a single-pass transmem-
brane spanning protein. Excessive expression of KLO-
THO leads to a substantial increase, deletion of KLO-
THO to a profound shortening of life-span. KLOTHO
binds to the receptor for the fibroblast growth factor
(FGF23). KLOTHO/FGF23 suppresses the formation of
1,25(OH)2 D3 (calcitriol) and participates in the regu-
lation of calcium/phosphate homeostasis. Lack of
KLOTHO or of FGF23 results in enormously increased
production of calcitriol, with hyperphosphatemia
and hypercalcemia, leading to massive tissue calcifi-
cation and accelerated aging. Vitamin D deficiency
increases the life-span of KLOTHO-deficient mice.
Thus, at least part of the accelerated aging of KLO-
THO-deficient mice is due to excessive formation of
calcitriol. In humans, polymorphisms of the KLOTHO
gene have been identified, which are associated with
longevity. Thus, KLOTHO may be similarly important
for aging in humans.

A low-calorie diet increases the life-span of
both humans and animals. The effect may be
due to a decrease in fasting plasma glucose
concentrations and plasma-cholesterol levels,
enhanced insulin sensitivity, decreased viscer-
al fat tissue, and decreased release of adipo-
kines from that tissue (→p. 268). All of these
parameters are known risk factors for coronary
heart disease. As a low-calorie diet is difficult
to maintain, the hormonal and metabolic
mechanisms accounting for the influence of
such a diet on aging are now being sought, in
order to mimic its positive influence on life-
span without individuals having to refrain
from their preferred eating habits. The positive
effects of a low-calorie diet may be elicited by
the polyphenol resveratrol, which is found in
red wine and presumably accounts for the
“French paradox,” i.e., the positive effect of red
wine on life-span. Resveratrol activates the
genes encoding the sirtuins (Sirt1-7), NAD-de-
pendent deacetylases. In several species Sirt1
increases resistance against oxidative stress
and enhances life-span. The effect on life-span
is in part due to a cardioprotective effect of the
enzyme. It is presently uncertain, however,
whether or not Sirt1 expression influences ag-
ing in humans.
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2 Temperature, Energy S. Silbernagl

Fever

The aim of thermoregulation is to maintain the
actual core temperature of the body at the set
level of about 37°C (with diurnal variations).
In contrast to passive hyperthermia (→ p. 26),
the set level is raised in fever, and the thermo-
regulatory mechanisms are thus responsible
for maintaining the raised temperature (→A5,
green line). This becomes noticeable when the
fever rises: because the actual level deviates
from the suddenly raised set level, heat loss is
reduced by a decrease in cutaneous blood flow,
resulting in cooling of the skin (feeling cold).
Additionally, heat production is increased by
shivering (tremor). This lasts until the actual
level (→A5, red line) has approached the new
set level (plateau). When the fever falls, the set
level again falls, so that now the actual level is
too high and cutaneous blood flow increases,
resulting in the person feeling hot and sweating
profusely (→A5).

Fever is particularly common with infec-
tions in the course of the acute-phase reaction
(→ p. 52 ff.) in which fever-inducing substances
(pyrogens) cause a change in the set point. Ex-
ogenous pyrogens are constituents of patho-
gens, among which the lipopolysaccharide
complexes (endotoxins) of gram-negative bac-
teria are particularly effective. Such pathogens,
or pyrogens, are opsonized by complement
(→ p. 48 ff.) and phagocytosed bymacrophages,
for example, Kupffer cells in the liver (→A1).
These release numerous cytokines, among
them the endogenous pyrogens interleukin
1α, 1β, 6, 8, and 11, interferon α2 and γ, the tu-
mor necrosis factors TNF-α (cachectin) and
TNF-β (lymphotoxin), the macrophage-inflam-
matory protein MIP 1 and many others. It is
thought that these cytokines (with a molecular
mass of ca. 15–30 kDa) reach the circumven-
tricular organs of the brain, which do not pos-
sess a blood-brain barrier. The cytokines,
therefore, can cause the fever reaction at these
organs or nearby in the preoptica area and the
vascular organ of the lamina terminalis (VOLT)
by means of prostaglandin PGE2 (→A2). Some
cytokines (e.g., IL-10) are also responsible for
limiting the rise in fever (to ca. 41°C). Fever-re-
ducing drugs (antipyretics) are effective here.
For example, acetylsalicylic acid inhibits cyclo-

oxygenases 1 and 2, which catalyze the pro-
duction of PGE2 from arachidonic acid.

As after i.v. injection of lipopolysaccharides
(components of the cell wall of gram-negative
bacteria) the above-mentioned cytokines are
released only 30 minutes after the onset of the
fever and their appearance can be inhibited by
subdiaphragmatic vagotomy, it seems that ex-
ogenous pyrogens also activate the preoptic
area and the VOLT via afferent fibers from the
abdomen. It is possible that signaling sub-
stances released from the hepatic Kupffer cells
activate nearby vagal afferents that transmit
the pyrogenic signal via the nucleus solitarius
to the A1 and A2 noradrenergic cell groups.
These in turn project from the ventral noradre-
nergic tract to the fever-regulating neurons in
the preoptic area and VOLT (→A3). Norepi-
nephrine that has been released there causes
the formation of PGE2 and thus fever. This also
brings about the release of antidiuretic hor-
mone (ADH; V1 receptor effect), α-melano-
cyte-stimulating hormone (α-MSH), and the
corticotropin-releasing hormone corticoliberin
(CRH), which counteract fever by means of a
negative feedback loop in the form of endoge-
nous antipyretics (→A4).

As a consequence of fever, heart rate is in-
creased (8–12min–1/°C) and energy metabo-
lism raised, resulting in fatigue, joint aches and
headaches (see also p. 54 ff.), increase in slow
wave sleep (which has a restorative function
for the brain) as well as, in certain circum-
stances, disturbances of consciousness and of
the senses (fever delirium) and seizures (see be-
low).

The value of fever probably lies in its coun-
teracting infection. The raised temperature in-
hibits the replication of some pathogens, while
actually killing others. In addition, the plasma
concentration of essential metals for bacterial
reproduction, namely iron, zinc, and copper,
is reduced. Furthermore, cells damaged by vi-
ruses are destroyed, so that viral replication is
inhibited. For these reasons exogenous antipy-
retics should in general only be used if the fever
leads to febrile convulsions, common in infants
and young children, or rises so high (> 39°C)
that the onset of seizures is to be feared.
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Hyperthermia, Heat Injuries

On severe physical effort (increased heat pro-
duction) and/or in a hot environment (de-
creased net heat loss) the thermoregulatory
mechanisms of the organism are overtasked,
especially when there is a lack of water and at
high ambient humidity. In contrast to the sit-
uation in fever (→p. 24), the bodyʼs core tem-
perature can no longer be kept at the (un-
changed) set level of ca. 37°C and hyperther-
mia results (→A, top). On standing upright,
heat-induced vasodilation causes some of the
blood to pool in the legs, and the extracellular
volume is reduced by sweating. As a result, car-
diac output (CO) and blood pressure fall, partic-
ularly because vasodilation in the skin reduces
peripheral vascular resistance. Even at a core
temperature below 39°C, weakness, dizziness,
nausea, and loss of consciousness may occur as
a consequence of reduced blood pressure (heat
collapse; →A1). Blood pressure will again rise
on lying down and after taking fluids.

A much greater danger arises when the core
temperature reaches 40.5°C, because the brain
cannot tolerate such temperatures. To protect
itself against heat stroke the brain can tempo-
rarily be kept cooler than the rest of the body
because a rising core temperature causes pro-
fuse sweating of the head (even with dehydra-
tion), especially the face (→A2). Blood that has
been cooled in this way reaches the endocrani-
al venous system and the cavernous sinus,
where it lowers the temperature of the neigh-
boring arteries. This would seem to be the
only explanation for the fact that a marathon
runner in whom a transient rise in core tem-
perature to 41.9°C had been measured did not
suffer from heat stroke.

If there is a prolonged rise in core tempera-
ture to between 40.5 and 43°C, the thermoreg-
ulatory center in the midbrain fails (→p. 24)
and sweating ceases. Disorientation, apathy,
and loss of consciousness result (heat stroke).
Cerebral edema with accompanying damage to
the central nervous system will, without rapid
help, lead to death; children are especially at

risk because their surface area to bodymass ra-
tios are larger than adultsʼ, and they produce
less sweat. Treatment of heat stroke consists of
bringing the person into a cooler environment
and/or submerging them in cool water. How-
ever, the body surface must not be allowed to
get too cold, because the resulting vasocon-
striction would delay the reduction in core
temperature. Even successfully treated heat
stroke may leave lasting damage in the ther-
moregulatory centers. This restricts future tol-
erance to extreme ambient temperatures.

Malignant hyperthermia (→ B) is the poten-
tially lethal result of heterogeneous genetic de-
fects of sarcoplasmic Ca2+ transport, in which
the Ca2+-releasing channel (ryanodine receptor)
is affected. Some inhalation anesthetics (halo-
thane, enflurane, isoflurane) and depolarizing
muscle relaxants (suxamethonium chloride)
cause the sudden and excessive release of Ca2+

from the sarcoplasmic reticulum, so that gen-
eralized, uncoordinated muscle twitches occur
with high oxygen consumption and enormous
heat production. The result is acidosis, hyper-
kalemia, tachycardia, arrhythmia, and rapidly
rising hyperthermia. If recognized in time, ma-
lignant hyperthermia can be successfully treat-
ed by discontinuing the anesthetics and/or
muscle relaxants, administering dantrolene,
which blocks Ca2+ release in skeletal muscle
cells, as well as cooling the body.

Heat cramps occur with strenuous physical
work in high ambient temperature (e.g., at a
furnace) if only the loss of water, but not of
salt, is replaced.

Sun stroke must be distinguished from hy-
perthermia. It is caused by direct sun radiation
on head and neck and causes nausea, dizziness,
severe headache, cerebral hyperemia, and se-
rous meningitis and may end fatally.

Contact or radiant heat may cause first de-
gree, second degree, or third degree burns
(reddening, blisters, or necrosis, respectively)
to the skin. Frequent and intense exposure to
the sun also increases the risk of melanoma.
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Hypothermia, Cold Injury

If there is a danger of the core temperature
dropping, (counter)regulatory heat production
results (muscle tremor and movement) (→A).
Its narrow limits are usually not overstepped,
because the risk of cooling triggers behavioral
changes, depending on the underlying cause(s)
(protection against wind, added clothing, leav-
ing swimming pool, etc.). If this reaction does
not occur—either because it is not possible to
escape the situation for physical reasons, the
danger is not realized, or there are metabolic,
hormonal, or neurological abnormalities—
hypothermia develops, i.e., the core tempera-
ture drops below 35°C (→A). Immersion inwa-
ter at 5–10°C can lead to hypothermia after
only 10 minutes (depending on the amount of
“padding”). Wearing wet clothing in a strong
wind and in an ambient temperature of 0°C
can bring about hypothermia in less than one
hour. Both the elderly (restricted thermoregu-
latory range) and infants (especially newborns),
who have a relatively high ratio of body surface
area to mass, low resting heat production, and
a thin subcutaneous fat layer, are particularly at
risk. While unclad young adults can maintain a
constant core temperature, even when the am-
bient temperature drops to ca. 27°C because of
their resting heat production, hypothermia
may develop in a naked newborn at an ambient
temperature of < 34°C.

The acute sequelae and symptoms of hypo-
thermia can be divided into three stages (→A,
I– III):
◆ Stage of excitement (mild hypothermia,
32–35°C): maximal muscle tremor, resulting
in a marked increase in resting metabolic rate,
all sources of glucose are utilized (hyperglyce-
mia), and O2 consumption is increased up to
sixfold. Tachycardia and vasoconstriction cause
a rise in blood pressure; acral vasoconstriction
causes pain. The person is at first fully awake,
later confused and even apathetic, and ulti-
mately judgment becomes impaired.
◆ Stage of exhaustion (moderate hypother-
mia, 32–28°C): the sources of glucose become
exhausted (hypoglycemia); bradycardia, ar-
rhythmia, and depressed breathing occur and
the person begins to hallucinate and to behave
erratically, soon losing consciousness and no
longer feeling pain.

◆ Stage of paralysis (severe hypothermia, < ca.
28°C): coma; no pupillary reflexes (but no sign
of brain death); ultimately ventricular fibrilla-
tion, asystole, and apnea. The lower the tem-
perature until cerebral blood flow ceases, the
longer the brain will tolerate circulatory arrest
(30°C: 10–15min; 18°C: 60–90min). This is
why some persons have survived extreme hy-
pothermia (< 20°C). The long time of circulato-
ry arrest tolerated at low temperature is also of
use in induced therapeutic hypothermia (during
open-heart surgery and preservation of organs
for transplantation).

Rewarming of hypothermic patients should
still be attempted even if the core temperature
has dropped below 20°C. However, rewarming
may be associated with lethal complications,
especially if it is done externally and too rapid-
ly, i.e., more quickly than a few °C per hour
(→ B). In stage I (> 32°C), warming is done pas-
sively and externally (warm room, blankets,
foil). In stage II, activewarming must be under-
taken (electric blankets, warm infusions, possi-
bly hemodialysis with heat exchanger) under
careful monitoring. In stage III hypothermia
with circulatory arrest, active warming by
means of extracorporeal circulation (heart–
lung machine) is the most effective method of
rewarming.

Long-term sequelae of successfully treated
hypothermia include heart failure, liver and
kidney failure, abnormal erythropoiesis, myo-
cardial infarction, pancreatitis, and neurologi-
cal disorders.

Frostbite. Even with mild hypothermia and/
or low ambient temperature the perfusion of
skin and limbs is markedly reduced, with inter-
mittent and brief increases (Lewis reaction:
about every 20min at a skin temperature
< 10°C). None the less, frostbite may occur: 1st
degree (at first pallor and loss of sensation;
swelling and pain after rewarming); 2nd de-
gree (blister formation after 12–24 h followed
later by healing); 3rd degree (after days and
weeks: extensive tissue necrosis with healing
by scar).
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3 Blood S. Silbernagl

Overview

Total blood volume correlates with the (fat-
free) body mass (→ Table below) and averages
3.6 L in women and 4.5 L in men. The bloodʼs
tasks include transporting various substances
(O2, CO2, nutrients, metabolic products, vita-
mins, electrolytes, etc.), the transport of heat
(heating, cooling), signal transmission (hor-
mones), and buffering as well as defense against
foreign materials and microorganisms. The
blood cells (→A and Table below) are involved
in this, the erythrocytes being responsible for
O2 and a part of CO2 transport and pH buffering.
Among the leukocytes, the neutrophil granulo-
cytes (neutrophils) are responsible for nonspe-
cific immune defenses, and the monocytes and
lymphocytes for specific immune reactions. The
thrombocytes (platelets) are important for he-
mostasis. The ratio of blood cell volume to total
blood volume is called hematocrit (Hct)
(→ p. 33, A). More than 99% of the Hct is made
up of erythrocytes.

In the fluid phase of blood, called plasma,
electrolytes, nutrients, metabolic products, vi-
tamins, gases and proteins are held in solution
(→ Table). Among the tasks of the plasma pro-
teins are humoral immune defense, mainte-
nance of colloidal osmotic (oncotic) pressure,
which is responsible for maintaining a constant
blood volume, as well as the transport of wa-
ter-insoluble materials and the protection of
various substances against their breakdown in
blood and their excretion by the kidneys (e.g.,
heme). This protein-binding of small molecules
lowers their osmotic power, while they can ac-
quire an antigenic effect (→p. 56f.) as haptens.
The coupling of hormones, drugs, and toxins to
plasma proteins reduces their signaling, thera-
peutic, or toxic action, while at the same time
preventing their rapid excretion. Finally, nu-

merous plasma proteins participate in blood
clotting and fibrinolysis. When blood clots, the
fibrinogen in plasma is used up and serum is
formed.

Formation of blood cells (→A). The hemato-
poietic tissue, i.e., red bone marrow in adults,
the spleen and liver in the fetus, contain pluri-
potent stem cells that, under the effect of hema-
topoietic growth factors (see below), differenti-
ate into myeloid, erythroid, and lymphoid pre-
cursor cells. These stem cells reproduce in such
a way that their stock is maintained through-
out life (→ p. 2 ff.). While the lymphocytes that
originate from the lymphoid precursors still re-
quire further maturation (partly in the thymus,
partly in the bone marrow) and are later on
formed in the spleen and the lymph nodes
(lymphopoiesis), all other precursor cells prolif-
erate and mature up to their final stage in the
bone marrow (myelopoiesis), until they finally
pass from there into the blood (→A). Among
other factors, two hormones are involved in
this, namely erythropoietin (secreted by the
kidney) for the maturation and proliferation of
erythrocytes (→A and p. 34), and thrombopoie-
tin (secreted by the liver) for megakaryocytes
and platelets (thrombocytes), respectively
(→A). There are additional paracrine factors
that regulate blood cell formation in the bone
marrow. Because of their action in cell culture,
they are sometimes also called colony-stimulat-
ing factors (CSFs). Other stem cell growth fac-
tors are stem cell factor (SCF = steel factor = c-
kit ligand) and fit3 ligand (FL). They trigger the
release of synergistically active factors, such as
CSF and interleukins (IL‑3, IL‑6, IL‑11, IL‑12)
and are inhibited, by transforming growth
factor β (TGF-β) and tumor necrosis factor α
(TNF-α).

30

Total Blood Blood volume (L) ♂ 0.041 · kg body
weight + 1.53

♀ 0.047 · kg body
weight + 0.86

Hematocrit (Lcells/Lblood) ♂ 0.40–0.54; ♀ 0.37–0.47
Erythrocytes Number (1012/Lblood = 106/µlblood) ♂ 4.6–6.2; ♀ 4.2–5.4

Hemoglobin (g/Lblood) ♂ 140–180; ♀ 120–160
Leukocytes Number (109/Lblood = 103/µLblood) 3–11 (of which 63% granuloc., 31% lymphoc., 6% monoc.)
Platelets Number (109/Lblood = 103/µLblood) ♂ 170–360; ♀ 180–400
Plasma proteins (g/L Serum) 66–85 (of which 55–64% albumin)
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Pluripotent
stem cells

Lymphoid
precursor cells

Myeloid
precursor cells

Stem cell factor,
interleukins

Bone marrow

B cells

Thymus

T cells

Erythrocytic
precursor cells

Tissue
macrophages

Immune defense

Megakaryocytes Thrombocytes

Hemostasis

Basophil
granulocytes

Neutrophil
granulocytes

Eosinophil
granulocytes

Gas transport

Erythrocytes (RBCs)

Kidney

Specific
immune defense

Thrombopoietin

Erythropoietin

From stroma cells
in bone marrow

Monocytes

Mast cells

Heparin,
histamine

Maturation in:

Liver

A.  Maturation Sequence and Differentiation of Blood Cells



Erythrocytes

Erythrocytes (red blood cells [RBCs]) are
formed in bone marrow from nucleus-contain-
ing erythroid precursor cells (→ B and p. 31, A)
and reach the bloodstream as nucleus-free
and mitochondria-free, disc-shaped cells (ca.
7.5 × 2 μm). They can be severely deformed
within the blood capillaries, which greatly fa-
cilitates both their passage and the exchange
of substances and gases with the surrounding
tissues. RBCs that have recently entered the
blood will retain net-like residues of organelles
(reticulocytes) for another one or two days.
With a normal RBC life-span of about 110–120
days, the proportion of reticulocytes is normal-
ly 1–2%.

Erythrocytes contain a large amount of he-
moglobin (Hb), their mean corpuscular hemo-
globin concentration (MCH) normally being
300–360 g per liter RBCs (→A). Since a normal
RBC has a volume (MCV) of 80–100 fL, it con-
tains 26–35 pg Hb (MCH).

The high hemoglobin content largely con-
tributes to intracellular osmolality so that, to
avoid osmosis-induced entry of water, the in-
tracellular ion concentration has to be held at
a lower level than that in plasma. Na+-K+-
ATPase is essential for this, the required ATP
(adenosine 5′-triphosphate) in the RBCs (be-
cause of the absence of mitochondria) coming
from anaerobic glycolysis. Volume regulation it-
self happens indirectly, especially via the vol-
ume-sensitive ion transporters that can lower
the K+ and Cl− content of RBCs (→ p. 12 f.). If
ATP production ceases or the membrane is
damaged, the RBCs swell and thus have a
shorter survival time (premature hemolysis).

The RBCs regularly leave the arterioles in the
pulp of the spleen and reach the small pores in
the splenic sinuses. Old and abnormally fragile
erythrocytes are separated out and destroyed
in the region of these pores. The fragments are
phagocytized by the macrophages in the
spleen, liver, bone marrow, etc. and broken
down (extravascular hemolysis in the reticu-
loendothelial system [RES], or more precisely,
the mononuclear phagocytic system [MPS];
→ p. 48). The liberated heme is broken down

into bilirubin (→p. 182), and the liberated iron
is reused (→p. 40). If there is intravascular he-
molysis, Hb that has been released can to a cer-
tain extent be bound to haptoglobin (→ p. 40).
This reduces the glomerular filtration of Hb
and thus its elimination (hemoglobinuria).

Erythropoiesis, Anemia

Anemia is the term given to the reduction in the
number of erythrocytes, in the concentration of
hemoglobin and/or in the hematocrit as long as
the total blood volume is normal. Shortly after
acute major blood loss, in dehydration, or in
hyperhydration the blood volume must first
be normalized before anemia can be diagnosed.
Using the erythrocyte parameters, mean cor-
puscular volume (MCV) and mean corpuscular
hemoglobin (MCH) (→A), anemias can be clas-
sified according to cell volume (MCV: microcyt-
ic, normocytic, or macrocytic) and according to
the ratio of Hb concentration/erythrocyte count
(MCH: hypochromic, normochromic, or hyper-
chromic). Pathogenetic classification of the
anemias reflects the individual steps of erythro-
poiesis as well as the life-span of the eryth-
rocytes circulating in blood (hemolytic anemia;
→ B). Finally, acute or chronic blood loss can
also lead to anemia.

Disorders of erythropoiesis (→ B) may occur
as a result of 1) lack or absence of differentia-
tion of pluripotent, hemopoietic stem cells
(aplastic anemia in panmyelopathy or acute
myeloid leukemia); 2) transient (viral infec-
tion) or chronic reduction of only the erythro-
cyte precursor cells (isolated aplastic anemia)
due to autoantibodies against erythropoietin
or against membrane proteins of the precursor
cells; 3) erythropoietin deficiency in renal fail-
ure (renal anemia); 4) chronic inflammation or
tumors that can activate erythropoiesis-inhib-
iting interleukins (secondary anemia), among
other substances; 5) abnormal cell differentia-
tion (ineffective erythropoiesis), which in addi-
tion to gene defects may mainly be due to a de-
ficiency in folic acid or vitamin B12 (megaloblas-
tic anemia; → p. 36); 6) abnormal Hb synthesis
(microcytic hypochromic anemia; →p. 38 ff.).
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