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Summary

The purpose of this article is to sketch the evolution of
research on cell death and apoptosis from ancient to
modern times. Early use of the term can be found in the
texts of Hippocrates, whereas the first description of
apoptotic cell death should be attributed to Rudolf Vir-
chow. Glucksman, in 1951, rediscovered and reviewed
cell death during embryonic development. Milestone dis-
coveries in biology in the 20th century led biologists to
the discovery of apoptotic mechanisms, soon after the
definition of apoptosis by Kerr in 1972. The involvement
of programmed cell death in the pathogenesis of various
diseases and abnormalities gave a huge boost in the re-
search of apoptosis. Nowadays, research is focused on
the elucidation of apoptotic mechanisms, since the pos-
sibility of modulating cell death by targeting specific fac-
tors involved in the whole process could be the key for
cure of diseases such as cancer, Alzheimer’s disease, and
AIDS.

Introduction - Origin and Etymology of the
Term ‘Apoptosis’

The Greek word ‘apoptosis’ is compound, and was initially
used to describe the programmed shedding of leaves in au-
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Schliisselworter
Apoptose - Zelltod - Nekrose - Programmierter Zelltod -
Geschichte der Medizin

Zusammenfassung

Zweck dieses Artikels ist es, die Evolution der Erfor-
schung von Zelltod und Apoptose von der Antike bis zur
Gegenwart zu umreil3en. Der Begriff Apoptose findet
friihe Erwahnung in den Texten von Hippokrates. Der
apoptotische Zelltod wurde jedoch erstmals von Rudolf
Virchow beschrieben. 1951 wurde der Zelltod wahrend
der Embyonalentwicklung von Glucksman erneut ent-
deckt und analysiert. Entscheidende biologische Erkennt-
nisse des 20. Jahrhunderts fiihrten kurz nach der Defini-
tion der Apoptose von Kerr im Jahre 1972 zur Entde-
ckung apoptotischer Mechanismen. Die Beteiligung des
programmierten Zelltodes an der Pathogenese verschie-
dener Erkrankungen und Abnormalitaten gab der Apop-
toseforschung einen enormen Aufschwung. Heute kon-
zentriert sich die Forschung auf die Aufklarung apoptoti-
scher Mechanismen, da eine mogliche Modulierung des
Zelltodes durch die gezielte Einflussnahme auf spezifi-
sche Faktoren des Apoptoseprozesses der Schliissel zur
Heilung bestimmter Krankheiten wie Krebs, Morbus Alz-
heimer und AIDS sein kdnnte.

tumn. The first use of the term ‘apoptosis’ in Medicine should
be attributed to Hippocrates of Cos [1] (table 1) who used this
word to describe gangrene resulting from treatment of frac-
tures with bandages [2]. It is interesting to note that almost
2,000 years before the reuse of the term by Kerr et al. [3], Hip-
pocrates used this word exactly to describe a physiological
form of cell/tissue death.
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Table 1. Summary of the history of apoptosis

Author [Ref.] Year Contribution

Hippocrates of Cos [2] 4th century BC first use of the term ‘apoptosis’

Vogt [6] 1842 first report of cell death

Virchow [7] 1860 description of 2 types of cell death (necrosis and necrobiosis); the term necrobiosis
morphologically described apoptosis

Flemming [10] 1885 description of apoptotic death as the result of mechanical forces and chemical intracellular
changes (‘chromatolysis’)

Cohnheim [9] 1889 use of the term ‘coagulation necrosis’

Metchnikov [11] 1892 discovery of phagocytosis

Perez [12] 1910 work concerning cell death in metamorphosis of the blowfly Calliphora erythrocephala

Graeper [13] 1914 description of chromolysis as a marker of dying cells

Glucksmann [14] 1951 hallmark paper describing different types of cell death, including ‘karyorrhexis’
and ‘karyopyknosis’

Lockshin and Williams [23] 1965 introduction of the term ‘programmed cell death’ to characterize a sequence of genetically
controlled events which cause cells to die during embryonic development

Saunders [24] 1966 description of death in embryonic systems

John Kerr [17] 1965 description of ‘shrinkage necrosis’ as a particular type of cell death

Williams et al. [18] 1974 description of a connection between DNA degradation by endonucleases and mammalian
cell death (‘DNA ladder’)

Different groups of authors [34-50] 1980-1994 identification of genes controlling cell death

Different groups of authors [52-57] 1985-today recognition of the role of apoptosis in disease and the use of mechanisms of apoptosis in

therapeutics

Studies on Cell Death during the 18th and 19th Century

A hallmark in the history of cytology and pathology was the
establishment of the cell theory by Schleiden and Schwann
[4, 5]. However, the first report of cell death is attributed to
Karl Vogt [6] who reported cell death in the notochord and
adjacent cartilage of metamorphic toads. Almost 2 decades
later, Rudolph Virchow, in his lectures on Cellular Pathology
[7], referred to 2 types of cell death, necrosis and necrobiosis,
with distinct characteristics between them. Virchow, under the
term ‘necrobiosis’, described apoptosis morphologically — a
process of cell degeneration characterized by tissue softening,
which characteristically preserved the outer form of the tis-
sues until ‘absolutely nothing of the previously existing tissues
is preserved’. The term ‘apoptosis’ can also be found in a
Spanish medical dictionary published at the end of the 19th
century [8].

After Vogt and Virchow, numerous studies on cell death were
published until the end of the 19th century. A closer look at all
those studies could convince someone to conclude that a few
of them, indeed, described typical forms of apoptotic cell
death. Anatomists and pathologists of the 19th century mainly
worked on tadpoles and insects as well as in embryogenesis
using the notochord as a model. Among those studies, the
work by Julius Cohnheim [9] and Walther Flemming [10] is
the most significant. Julius Cohnheim [9] was the first to intro-
duce the term ‘coagulation necrosis’. However, a typical form
of apoptotic death was first described by Flemming [10]; he
was the first to suggest that cell death was not just a result of
mechanical forces but also of chemical changes within the
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cells. He first used the word ‘chromatolysis’ to describe dying
cells whose chromatin disintegrated. More specifically, he re-
ported the presence of ‘half-moons’ of heterochromatin, and
the successive disruption of cell nuclei surrounded by a rim of
cytoplasm in the cavity of the follicle. Today, DNA fragmen-
tation is one of the hallmark characteristics of apoptosis.

The Concept of Cell Death during 20th Century:
The Work by Metchnikov and Perez, and the Hallmark
Paper by Glucksmann

In the early beginning of the 20th century, Ilya Metchnikov
[11] and Charles Perez [12] made important contributions in
the field of cell death. Graeper [13] in 1914, working on the
yolk sac, also referred to chromatolysis as a marker of dying
cells, as Flemming did; however, due to the dual meaning of
the term — neurologists used the same word to describe the
collapse of Nissle substance after the transaction of the neural
axon — Graeper’s studies remained somehow unnoticed.

The first attempt to list all forms of cell death in vertebrate on-
togeny is attributed to Glucksmann (1951) [14]. In his classic
paper, different types of cell death are described; among them,
‘karyorrhexis’ (nuclear fragmentation) and ‘karyopyknosis’
(condensation of nuclei) resemble apoptotic cell death mor-
phology. A few years later, De Duve [15] discovered and de-
scribed lysosomes, a cell structure that plays a vital role during
pathological cell death. In early 1960s, Bellairs [16] reported
the characteristics of developmental cell death under the elec-
tron microscope.
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The Work by John Kerr

The 1970s were the most important decade in the chronicle of
apoptosis. John Kerr [17] described a type of cell death under
the term of ‘shrinkage necrosis’. His studies began with the
observation of rapid shrinkage of liver tissue followed by an
interruption of portal venous supply; during his experiments,
Kerr observed hepatocytes which ‘converted into small round
masses of cytoplasm that often contained specks of condensed
nuclear chromatin’. He was able to differentiate this type of
cell death from necrosis histologically and by electron micro-
scopy; it was quite different from necrosis, since neither neigh-
boring cells were affected nor inflammation was present.
Shrinkage necrosis was also described in other tissues and by
other researchers.

The term ‘apoptosis’ was coined to that type of cell death, and
it was described as a normal cellular procedure [3]. Sub-
sequently, the connection of DNA degradation by endonuc-
leases and mammalian cell death was described — known
today as ‘DNA ladder’ [18] — whereas in 1980, Wyllie [19] con-
nected this phenomenon with the apoptosis of thymocytes
during glucocorticoid treatment. In 1997, DFF/CAD was iden-
tified as the major endonuclease that plays a key role in DNA
degradation [20]. The ‘DNA ladder’ was the first marker of
apoptosis, and various techniques were developed in order to
identify this specific characteristic [21]. A second important
marker of apoptosis was the exposition of phosphatidylserine
on the surface of apoptotic cells [22].

From the Morphology to the Genetics of Programmed
Cell Death

The concept of the genetic control of cell death was extremely
attractive. In 1965, a paper by Lockshin and Williams [23] in-
troduced for the first time the term ‘programmed cell death’
to characterize a sequence of genetically controlled events
which cause cells to die during embryonic development. Their
results were in agreement with the views of Saunders [24] who
published a paper concerning death in embryonic systems
1 year later, and the results by Tata [25] who proved the need
for RNA synthesis in the process of cell death in the regres-
sion of the tadpole tail. Saunders [24], characteristically, noted
that ‘the death clock is ticking’, implying directly a controlled
regulation of cell death.

Animal Models for the Study of Programmed Cell Death:
Caenorhabditis elegans and Drosophila melanogaster

The application of modern genetic techniques, especially after
the invention of recombinant DNA technology in the early
1970s, gave insight into the ‘black box’ of genetic control of
cell death. In 1977, Sulston and Horvitz [26], using as an ani-
mal model Caenorhabditis elegans, reported that almost 13%
of somatic cells in the embryo of this worm die in a short peri-
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od of time. In 1982, Horvitz et al. [27] managed to identify the
first cell death gene, named ced-3 (from the initials cell death).
Since then, a many genes were found to control cell death. The
discovery of cell death genes (such as the reaper) in Droso-
phila melanogaster was also a very important step in the field
of programmed cell death [28]. HID and Grim were later
identified as promoters of apoptosis. Extensive studies have
been performed on the formation of Drosophila’s eye and the
Hippo transduction signal pathway.

The Role of Apoptosis in the Immune and Nervous System
The intracellular control of programmed cell death has been
extensively studied in the maturation and function of the im-
mune and nervous system. Research on the maturation of
T and B lymphocytes has shown that apoptosis plays a crucial
role in the negative selection of T cells, a process taking place
in the thymus gland, and the formation of the T cell [29]. Sim-
ilarly, more than 50% of neurons die during the embryo devel-
opment in vertebrates, mainly during the time of neuronal
migration [30].

Cell death has also been studied during the activation of
lymphocytes and the process of killing of target cells by cyto-
toxic lymphocytes. The first identification of apoptosis in lym-
phocytes after the treatment with alkylating agents was done
by Matyasova et al. [31]. Duvall et al. [32] reported the role of
macrophages in the detection of apoptotic cells, whereas in
1991, Poe et al. [33] isolated a cytotoxic lymphocyte enzyme
that mediated cell death (granzyme b).

The Identification of Human Genes Involved in Programmed
Cell Death

Vaux et al. [34], in 1988, identified as a participant in the ge-
netic control of cell death bcl-2 — a gene that was initially
involved in B cell lymphoma — and showed that bcl-2 could
inhibit cell death, for which reason it was characterized as an
anti-apoptotic gene. In 1992, Vaux et al. [35] showed that bcl-2
could inhibit cell death in C. elegans, whereas in 1994, Hengart-
ner et al. [36] showed that ced-9 was homologous to bcl-2. Since
its discovery, numerous genes homolog to bcl-2 were identified,
such as bax, bcl-x, bel-x L and bel-Xs, bak, Mcl-1, bad, etc.

A second gene involved in apoptosis, which was identified
later than bcl-2 was p53; Yonish-Ruach et al. [37] showed that
p53 could induce apoptosis of myeloid leukemic cells. Exten-
sive research has been conducted on the role and functions of
this gene and especially on its mutant forms which have been
connected to various forms of cancer.

c-myc was a third gene involved in the pathways of apoptosis
[38]. This gene was discovered through its homology with v-
myc, a virus oncogene which causes myelocytomatosis in birds.
More genes, homologues to c-myc, have been discovered since
then, creating a new gene family, the c-myc family, which plays
an important role in apoptosis [39].

A 4th important discovery in the field of the genetic control of
apoptosis was the Fas/APO-1 gene [40]. Fas/APO-1 initially
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was identified to be a tumor suppressor gene, and it was later
connected with the destruction of healthy cells when the Fas
ligand interacts with its receptor [41]. It was well known that
anti-Fas antibodies could cause tumor regression, whereas
2 years later, in 1991, Itoh et al. [40] cloned the fas gene. The
Fas/APO-1 gene was found to code for a membrane receptor,
CD95, a member of the TNF receptor superfamily. Watanabe
et al. [42], in 1992, reported that defects in Fas antigen were
responsible for lymphoproliferative disorders in mice, pointing
to the important role of Fas in the development and function
of the immune system. Research on the pathway that is acti-
vated after the interaction of FasL with the Fas receptor has
shown that the transduction of the death signal is mediated by
a protein adaptor named FADD [43], which, in turn, activates
proteases of the ICE superfamily, caspases. Interleukin con-
verting enzyme (ICE) proteases were first identified in 1992
by Thornberry et al. [44] and Cerretti et al. [45]. The first cas-
pase which was identified to interact with FADD and the Fas
receptor pathway was caspase 8 [46]. A broad gene family of
caspases have been identified in mammals and in Drosophila.
Finally, the identification of IAP genes [47] was another im-
portant discovery in the field of apoptosis. The next step in re-
solving the apoptosis puzzle was the identification of possible
interactions between different genes and the comparison be-
tween apoptotic patterns of different organisms. It was well
known that programmed cell death had common characteris-
tics in vertebrates and invertebrates. Whitten [48], in 1969, had
already noticed the similarities of cell death in the formation
of the limb in insects and in vertebrates. In 1992, Vaux et al.
[35] demonstrated that bcl-2 could inhibit cell death in C. ele-
gans. In 1993, Yuan et al. [49] identified ced-3, a gene homolog
to ICE, whereas 1 year later, Hengartner et al. [36] identified
ced-9, a gene of C. elegans which was homolog to bcl-2.
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