I DERLEME REVIEW I

Mukaddes ESREFOGLU, MD,?

¢Department of Histology and
Embryology, Inénii University
Faculty of Medicine, Malatya

Gelig Tarihi/Received: 25.03.2009
Kabul Tarihi/Accepted: 15.05.2009

Yazisma Adresi/Correspondence:
Mukaddes ESREFOGLU, MD

indnii University Faculty of Medicine,
Department of Histology and
Embryology, Malatya,
TURKIYE/TURKEY
drmukaddes @ hotmail.com

Copyright © 2009 by Tiirkiye Klinikleri

1660

Cell Injury and Death: Oxidative Stress and
Antioxidant Defense System: Review

Hiicre Hasar1 ve Oliimii: Oksidatif Stres ve
Antioksidan Savunma Sistemi

ABSTRACT Cellular injury is defined as an alteration in cell structure or function resulting in
stress that exceeds the compensatory ability of the cell. If the injury is severe enough, the cell suf-
fers irreversible injury and dies. Cells death has historically been subdivided into necrosis and apop-
tosis. Actually, the simple apoptosis-necrosis classification does not adequately represent the
complexity of cell death regulation. ‘Autophagic cell death’, ‘mitoptosis’, ‘mitotic catastrophe’,
‘anoikosis’ and ‘oncosis’ are the other expressions rarely used in order to define different types of
cell death. Some mechanisms of apoptosis and necrosis are related to the process mediated by re-
active oxygen and nitrogen species (ROS and RNS, respectively). Mitochondria are strong produc-
ers of ROS and at the same time, particularly susceptible to the oxidative damage produced by their
action on lipids, proteins, and DNA. To protect cells from the damage caused by free radicals and
related reactants, organisms have evolved several defense mechanisms to remove ROS from the in-
tracellular environment. When free radical generation exceeds the defense capabilities of the or-
ganism, molecular damage is sustained. As this damage accumulates, cellular function gradually
declines, eventually leading to death of cells, organs and the organism itself. Oxidative damage has
been implicated in the pathogenesis of a range of diseases and ageing. Antioxidant and free radical
scavenging agents against the destructive actions of free radicals are of obvious interest. In this
paper, cell death concepts, their molecular mechanisms, histopathological aspects of oxidative stress
related cell injury and death, and cellular anti-oxidative defense systems were reviewed.
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OZET Hiicresel hasar, hiicrenin telafi edici yetenegini asan strese neden olan bir hiicre yap ve
fonksiyon degisikligi olarak tanimlanir. Hasar yeterince agirsa hiicre, geri doniistimsiiz bir hasardan
zarar goriir ve 6liir. Hiicre 6liimii tarihsel olarak nekroz ve apopitoz olarak ikiye ayrilir. Basit
nekroz-apopitoz siniflamasinin hiicre 6liim regiilasyonunun karmagikligini yeterli sekilde temsil
etmedigi agiga ¢ikmistir. ‘Otofajik hiicre 6limil’, ‘mitoptoz’, ‘mitotik katastrop’, ‘anoikoz’ ve ‘onkoz’,
farkli hiicre 6liim sekillerini tanimlamak amaciyla nadiren kullanilan diger terimlerdir. Nekroz ve
apopitozun bazi1 mekanizmalar: reaktif oksijen ve nitrojen tiirlerinin (sirayla ROS ve RNS) aracilik
ettigi olayla iligkilidir. Mitokondriyonlar giiclii ROS iireticileridir; ayni zamanda lipitler, proteinler
ve DNA tizerindeki etkileri sonucunda iiretilen oksidatif hasarlardan da 6zellikle sorumludurlar.
Organizmalar kendilerini serbest radikal ve baglantili reaktantlardan korumak igin, serbest
radikalleri intraseliiler ortamdan uzaklastirmaya yonelik bir takim savunma mekanizmalar
gelistirmigtir. Serbest radikal olusumu, organizmanin savunma kapasitesini agtig1 zaman molekiiler
hasar ortaya ¢ikar. Bu hasar biriktikce, sonugta hiicrelerin, organlarin ve organizmanin bizzat
kendisinin 6liimiine neden olacak sekilde hiicresel fonksiyon kademeli olarak azalir. Oksidatif hasar
bir seri hastaligin ve yaslanmanin patogeneziyle baglantili bulunmustur. Serbest radikallerin yikici
etkilerine kars: serbest radikal stipiiriiciileri ve antioksidanlar bityiik ilgi cekmektedir. Bu makalede
hiicre 6lim kavrami, molekiiler mekanizmalari, oksidatif strese bagh hiicre hasar1 ve 6liimiintin
histopatolojik yénleri ve antioksidan defans sistemi gozden gegirilmistir.

Anahtar Kelimeler: Antioksidanlar, hiicre 6liimii, oksidatif stres, mitokondriya, melatonin
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ellular injury is defined as an alteration in

cell structure or function resulting in stress

that exceeds the compensatory ability of the
cell through normal physiologic adaptive mecha-
nisms.! Cells have limited ability to express their
response to injury. They may respond (a) by dying,
(b) by undergoing a transient or permanent morp-
hological transformation (c) by mitotic activity that
again may be transient or sustained, normal or ab-
normal, and may result (d) in either normal prog-
eny or a modification thereof.? Cell injury is not
always lethal. Agents that cause cell injury may le-
ad to regeneration or adaptive metabolic or struc-
tural changes including atrophy, hypertrophy,
hyperplasia, metaplasia or dysplasia."* On the ot-
her hand, excessive adaptive cellular changes are
also markers for injury and diseases. Cell injury
may be either reversible or irreversible. If the in-
jury is severe enough and ‘a point of no return’ is
reached, the cell suffers irreversible injury and di-
es.! It has been proposed that this ‘a point of no re-
turn’ step could be massive caspase activation, loss
of the mitochondrial transmembrane potential,
complete permeabilization of the outer mitochon-
drial membrane or exposure of phosphatidylserine
residues that emit ‘eat me’ signals to neighboring
cells.?* ‘Dead cells’ would be different from ‘dying
cells’ that are in process of cell death, which can
occur through a variety of different pathways. The
Nomenclature Committee on Cell Death (NCCD)
suggest that a cell could be considered dead when
any of the following molecular or morphological
criteria are observed: 1) the cell has lost its integrity
of the plasma membrane, 2) the cell has undergo-
ne complete fragmentation into discrete bodies;
and/or, 3) its fragments have been engulfed by an
adjacent cell in vivo.> Cell death has historically be-
en subdivided into regulated and unregulated mec-
hanisms. Apoptosis, a form of regulated cell death
reflects a cell’s decision to die in respond to cues
and is executed by intrinsic cellular machinery.
Unregulated cell death, often called necrosis, is ca-
used by overwhelming stress that is incompatible
with cell survival.®* However, recently it has beco-
me clear that necrosis is a molecularly regulated
event.”® The clues about the concept of program-
med course of necrosis are: 1) necrosis can occur
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during development and in adult tissue homeosta-
sis; 2) susceptibility to necrotic cell death can be
regulated by genetic and epigenetic factors; 3) the
inhibition of some enzymes and processes can pre-
vent necrosis; 4) inhibition of caspases can change
morphological appearance of cell death from one
type to another.”!? ‘Necrosis’ is usually considered
a type of cell death with no signs of apoptosis or of
autophagy.'>'® A classical positive definition of nec-
rosis is based on morphological appearance such as
early plasma membrane rupture, dilatation of cy-
toplasmic organelles, in particular mitochondria.'
Mitochondria, endoplasmic reticulum (ER) and
lysosomes have essential roles in the control of nec-
rotic cell death." Necrosis is generally considered a
passive process because it does not require new
protein synthesis and has only minimal energy re-
quirements. In humans, necrotic cell death occurs
generally in response to severe physiological chan-
ges including hypoxia, ischemia, hypoglycemia, to-
xin exposure, exposure to reactive oxygen
metabolites, extreme temperature changes and nu-
trition deprivation.'>!¢ Several neurodegenerative
syndromes and diseases, such as Alzheimer’s dise-
ase, Huntington’s disease, Parkinson’s disease, am-
yotrophic lateral sclerosis, vascular-occlusive
diseases, infection and inflammatory diseases and

cancer involves necrosis.!”"1°

The morphological appearance of necrosis is
often that of oncosis. The expression ‘oncosis’ defi-
nes a cell death with cytoplasmic swelling, dilata-
tion of cytoplasmic organelles, mechanical plasma
membrane rupture and a moderate chromatin con-
densation. NCCD recommends limiting the use of
the expression ‘oncosis’, as it overlaps with necro-
sis, and a partial apoptosis evolving into necrosis.’
Oncosis is caused typically by ischemia that inter-
feres with ATP generation or increases permeabi-
lity of the plasma membrane. It is usually
accompanied by karyolysis and evolves within 24
hours to typical necrosis.'®

Apoptosis is a type of cell death that is accom-
panied by rounding-up of the cell, retraction of
pseudopodes, reduction of cellular volume, con-
densation of the chromatin, fragmentation of the
nucleus, little or no ultrastructural modification of
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cytoplasmic organelles, plasma membrane bleb-
bing, and maintenance of an intact plasma mem-
brane until late stages of the process.>!? Detection
of DNA fragmentation is currently one of the most
frequently used techniques in the study of apopto-
tic cell death. Highly sensitive cytochemical tech-
niques have been developed to visualize DNA
fragmentation in individual nuclei. The terminal
deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) method utilizes the activity
of the terminal deoxynucleotidyl transferase enz-
yme to label the 3’ ends of DNA strand breaks,
which may then be identified in individual nuclei
by microscopy (Figure 1).2

‘Autophagic cell death’ ‘mitoptosis’, ‘mitotic
catastrophe’, ‘and ‘anoikosis’ are the other cell de-
ath types. These expressions are rarely used in or-
der to define different types of cell death.
Autophagic cell death is a type of cell death that
occurs without chromatin condensation, accompa-
nied by massive autophagic vacuolization of the cy-
toplasm. The double-membraned vacuoles contain
degenerating cytoplasmic organelles or cytosol.>*!
Normally, damaged or dysfunctional organelles are
removed by autophagy.? It is an evolutionary-
conserved intracellular catabolic mechanism that
operates at low levels under normal conditions to
mediate the degradation of cytoplasmic compo-
nents, protein aggregates and expired intracellular
organelles by forming autophagosomes. The con-
tents of autophagosomes are degraded by lysosomal

FIGURE 1: TUNEL + apoptotic cell nuclei around the vessels are observed
in the brain of an aged rat; X 100.
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enzymes after autophagosomes fuse with lysoso-
mes.® Autophagy can assume the killer role when
apoptosis is unavailable.”? Authophagy has a well-
established role in defending against viral and bac-
terial invasion.” It is possible that autophagic cell
death might be induced in a manner similar to that
of apoptosis.

The term, ‘mitoptosis’, was coined to describe
suicide of the mitochondrion. Skulachev postula-
ted that mitoptosis operated as a mechanism rid-
ding the mitochondrial population in the cell from
malfunctioning organelles [for example, from tho-
se that overproduce reactive oxygen species
(ROS)].** The following chain events seem probab-
le: ROS - opening of permeability transition pore
- collapse of electric potential difference across the
inner mitochondrial membrane — cessation of elec-
tric potential difference across the inner mitoc-
hondrial
mitochondrial protein precursors - death of mito-

membrane-dependent import of

chondrion which can not be repaired.

Mitotic catastrophe is a cell death occurring
during or shortly after a dysregulated or failed mi-
tosis and can be accompanied by morphological al-
terations such as micronuclei and multinuclea-
tion.”® Anoikosis is a classic apoptosis induced by
loss of the attachment of cells form the substrate or
the other cells.

The distinction between cell death types is im-
portant, particularly because necrosis is often asso-
ciated with unwarranted cell loss in human
pathologies, and can lead to local inflammation
(Figure 2).8% Additionally apoptotic cells are en-
gulfed completely by phagocytes; only parts of nec-
rotic cells (which swell) are internalized by a
macropinocytotic mechanism.?® Apoptotic cells do
not seem to attract neutrophils or lymphocytes.
This could reflect a qualitative difference of apop-
totic cell death, but it could also mean that cells
dying singly release such small quantities of che-
moattractans that not all the molecular species re-
ach the vascular endothelium in effective
concentrations.'®

Necrosis can occur as a result of the activation
of specific signal transduction cascades and subse-
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FIGURE 2: Necrotic area associated with inflammatory cell infiltration is ob-
served in liver damage induced by acute pancreatitis in rats (HE, x40).

quently can be overt or revealed only by the inhi-
bition of apoptosis and/or autophagy. Such a defa-
ult occurrence of necrotic cell death and its
unmasking by inhibition of apoptosis and/or autop-
hagy might reflect its early emergency in evoluti-
on, perhaps as the early eukaryotic cell death
pathway, with subsequent additions of other layers
of cell death mechanisms such as apoptosis and au-
tophagy.'>® The process leading to caspase activa-
tion or autophagy has acquired the capacity to
‘decide’ the cell death process and thus it starts up-
stream of the point of no return.? It is progressi-
vely becoming clear that what determines the cell
fate is the intensity of an insult and the expression
levels of the downstream signal transducers, as well
as the extend of the calcium overload and the inter-
cellular ATP levels.* The endogenously originated
late serious energy depletion has been considered
the trigger for the transition from the end of a fully
developed execution phase of apoptosis to secon-

dary necrosis.?"*

Recent studies have demonstrated that in res-
ponse to a given death stimulus, there is often a
continuum of apoptosis and necrosis. Many insults
induce apoptosis at lower doses and necrosis at hig-
her doses.’®* While mediators for necrosis such as
calcium and ROS have been reported to contribu-
te to apoptosis, recent studies have started to de-
monstrate that the ability of such mediators to
initiate necrotic cell death depends on active parti-
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cipation by the dying cell. The core events of nec-
rosis are bioenergetic failure and rapid loss of plas-
ma membrane integrity.® Even in response to a
certain dose of death-inducing agent, features of
both apoptosis and necrosis may coexist in the sa-
me cell. In addition, if not engulfed by neighboring
cells, dead cells in the late stage of apoptosis may
present necrotic features due to the loss of cellular
energy metabolism and plasma membrane integ-
rity. This process is called ‘apoptotic necrosis’ or se-
condary necrosis.'”® Although apoptotic necrosis is
activated by the same stimuli that initiate apopto-
sis, the morphological features such as organelle
swelling, rapid mitochondrial dysfunction, plasma
membrane permeabilization and lack of nuclear

fragmentation are characteristic of necrotic cell de-
ath.®

MOLECULAR TARGETS OF
CELLULAR INJURY

Any biologically important molecule in a cell can
be the target of injury producing stress. However,
the cell membrane, energy metabolism, protein
synthesis and gene systems are particularly vulne-
rable. The integrity and function of the whole cell
and the organelles depend on the integrity of the-
ir phospholipid membranes. By controlling the se-
lective transport of molecules, the plasma
membrane keeps the cell in osmotic equilibrium
with extracellular fluid. Damage to plasma mem-
brane increases the cell’s permeability to sodium
and water leading to swelling, and even disruption
of the cell.®® The core events of necrosis are bioe-
nergetic failure and rapid loss of plasma membrane
integrity. The inability to maintain the electroche-
mical potentials results in cytoplasmic swelling,
rupture of plasma membrane, and cytolysis. The
loss of membrane potentials may be the consequ-
ence of cellular energy depletion, damage to mem-
brane lipids, and/or loss of function of homeostatic
ion pumps/channels.?

As protons are pumped across the inner mito-
chondrial membrane, a membrane potential is ge-
nerated. The resulting electrochemical gradient
drives protons back into the matrix, generating
ATP form ADP. Inhibition of mitochondrial respi-
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ratory chain activity results in reduced cellular
ATP and can induce cell death by necrosis.? It has
been suggested that both apoptosis and necrosis can
be mitochondria-dependent. In both cases, ‘death
proteins’ are postulated to be released from the mi-
tochondrial intermembrane space. However, in
apoptosis this occurs due to an increase in perme-
ability of the outer mitochondrial membrane for
proteins (proapoptotic proteins induce the forma-
tion of pores); the inner membrane remains intact.
As for necrosis permeability transition pore is for-
med in the inner membrane so the outer membra-
ne is broken due to the matrix swelling.3** Ca?,
inorganic phosphate, alkaline pH, and ROS are a
few of the many agents that promote the mitoc-
hondrial permeability transition.®® As a consequ-
ence of permeability pore opening, solutes with a
molecular mass of up to 1500 Da nonselectively dif-
fuse across the mitochondrial inner membrane, le-
ading to mitochondrial depolarization, uncoupling
of oxidative phosphorylation, and large amplitude
swelling, which in turn can lead to ATP depletion
and cell death.®” Mitochondrial damage and relea-
se of mitochondrial proteins amplifies apoptotic
signaling in mammalian cells. Cytochrome c, rele-
ased form damaged mitochondria, promotes the
formation of heptameric ‘apoptosome’ megacomp-
lex of APAF-1 (apoptotic protease activating fac-
tor-1) and caspase 9. Activated caspase-9 in turn
cleaves and activates downstream caspases (caspa-
se-3, -6, -7 etc) that carry out the execution phase
of apoptosis.®

During the degradation phase of active necro-
sis several biochemical alterations have been des-
cribed
(production of ROS by mitochondria and swelling

including mitochondrial dysfunction

of mitochondria), high production of ROS, serious
ATP depletion, intense ionic imbalance (failure of
Ca? homeostasis), activation of a few proteases
(particularly calpains and cathepsins), perinuclear
clustering of organelles. These alterations ultima-
tely converge in extensive lysosome rupture and
ultimately plasma membrane rupture.?* The im-
portant Ca?* overload induces enhanced activation
of hydrolyzing enzymes, including calpains and le-
ads to exaggerated energy consumption and impa-
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irment of energy production; ATP depletion and
activated calpains were shown to induce lysozo-
me rupture, and released lysozomal cathepsins
contribute to cytoplasmic membrane damage.?**®
Calpains and cathepsins are the major proteases
involved in necrosis.® In passive necrosis, cytop-
lasmic membrane damage is due to serious energy
failure and to the cumulative activity of hydroly-
tic enzymes and of ROS. These events result in
progressive membrane permeabilization to mole-
cules of increasing size until the rupture of the
membrane. This rupture is a consequence of the
continuous cell swelling (oncosis or necrotic vol-
ume increase).®

Uncontrolled calcium entry can be a cause, as
well as a result of, cell death. In stressed cells, pro-
gressive calcium entry occurs before the agonal
contortion, blebbing, and swelling.*® In viable cells,
the plasma and intracellular membranes are virtu-
ally impermeable to Ca*. Most of the intracellular
Ca? is stored in the ER. When the ER Ca?" is rele-
ased into the cytosol or the extracellular Ca* cros-
ses the plasma membrane, cell death can be
initiated due to the activation of Ca?*-dependent
proteases and/or mitochondrial overload.”! Increa-
sed cytosolic calcium concentration results in the
activation of some enzymes such as phospholipa-
ses, ATPases and proteases, which break down crit-
ical components of the cell.'*> Moreover, calcium is
a key regulator of mitochondrial functions and acts
at several levels within the organelle to stimulate
ATP synthesis. The dysregulation of mitochondri-
al calcium homeostasis is now recognized to play a
key role in several pathologies. For example, mito-
chondrial matrix Ca?* overload can lead to enhan-
ced generation of ROS, some of which are highly
toxic and deleterious to cells and tissues.>® Like
many other insults, increased cytosolic Ca?* can ini-
tiate either apoptosis or necrosis. The outcome of
cell death is probably determined by the concen-
tration of cytoplasmic Ca?. Whereas low to mode-
rate Ca*" triggers apoptosis, higher concentrations
of Ca® is associated with necrosis.>* The mitochon-
drial metabolic status may also affect the sensitivity
of mitochondria to Ca?* poisoning and contribute
to the determination of cell death.®

Turkiye Klinikleri ] Med Sci 2009;29(6)
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Cells require a constant energy supply to dri-
ve metabolism and biosynthetic reactions. Depleti-
on of ATP impairs the ability of the cell to
synthesize structural and functional proteins, and
shifts the energy metabolism towards anaerobic
glycolysis accompanied by the accumulation of in-
organic phosphate and lactic acid. The decrease of
intracellular pH together with the increase in the
concentration of cytosolic calcium alters the acti-
vity of many intracellular enzymes involved in ho-
meostatic regulation. The ‘acidosis’ interferes with
the enzyme functioning and can damage nuclear
DNA. There is also reduction in protein synthesis.!
However, after necrosis protein sythesis is sustai-
ned in the dying cell up to the point where the cell
loses its membrane integrity.>® Denaturation of cel-
lular enzymes or structural proteins can severely
impair cellular functions. Damage to structural pro-
teins can impair the intracellular transport system
and disrupt the supportive protein cytoskeleton of
cells.>” Additionally, decline in the function of the
ATP-dependent ion pumps in the cytoplasmic
membrane can lead to the opening of so called de-
ath channels in the cytoplasmic membrane that is
selectively permeable to anions.’® The opening of
death channel results in colloid osmotic forces and
entry of cations that drive the cytoplasmic mem-
brane to swell and ultimately rupture.® Manipula-
ting cell metabolism and ATP generation can
regulate the cell fate. Because cells depend on so
many ATP-dependent reactions, ATP levels can ra-
pidly decline if the cell’s ability to generate ATP
through mitochondrial oxidative phosphorylation
and/or cytosolic glycolysis is impaired.” For the
normal progress of apoptotic pathways energy is re-
quired, and an initial increase in cytosolic ATP in
apoptosing cells has been reported.?** ATP is re-
quired for cell shrinkage, bleb formation, caspase
activation, enzymatic hydrolysis of macromolecu-
les, chromatin condensation, DNA fragmentation,
nuclear fragmentation, and apoptotic body forma-
tion.?*®! Thus, progression of apoptosis eventually
leads to a late depletion of the intracellular ATP
pool. This late serious energy depletion has been
considered the trigger for the transition from the
end of a fully developed phase of apoptosis to sec-
ondary necrosis.® It has been shown that lowering
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of [ATP] by 1/3 does not induce cell death where-
as a transient decrease of more than 97% in [ATP]
or its three-fold lowering for a longer period of ti-
me gives rise to necrosis.®* Intracellular ATP le-
vels appear to be a factor determining cell death
fate by apoptosis and necrosis.

The first changes in the cell undergoing necro-
sis are mild cytoplasmic swelling, dilatation of smo-
oth endoplasmic reticulum (SER), and loss of ribo-
somes from rough endoplasmic reticulum (RER)
(Figure 3)."% A further change is blebbing from the
plasma membrane of cytoplasmic fragments that
include cytosol but not the larger organelles such as
mitochondria. All these changes also occur in sub-
lethally injured cells. An important question there-
fore is the nature of the ‘point of no return’ at
which there is irreversible commitment to necro-
sis. This commitment coincides closely with two
mitochondrial changes: a violent dilatation and the
appearance of matrix densities.! Mitochondria be-
come edematous with increased translucence of the
matrix, partial or total destruction of crests and so-
metimes the presence of myelin figures (Figures 4,
5).678 The necrotic cells swell rapidly and both the
plasma membrane and the internal membranes be-
gin to rupture. Organelles spill out and are found in
extracellular space (Figure 6). However, nuclear
structures remain relatively intact.

Necrosis is associated with cell swelling and
death. Apoptosis occurs where death is a part of re-

FIGURE 3: Prominent dilatation of granular endoplasmic reticulum in one of
the pancreatic aciner cells (left one) is observed in acute pancreatitis in rats.
Uranyl acetate and lead citrate X 8.000.
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FIGURE 4: Many swollen, vacuolated and degenerated mitochondria are
seen in heart muscle of an aged rat. Uranyl acetate and lead citrate X 8.000.

gulated process and is associated with cell shrinka-
ge. In contradistinction to necrosis, mitochondria
do not undergo swelling and rupture internal
membranes."'® The most striking morphological
change is in nuclear chromatin condensation, in
which chromatin condensation appears as dense
hemilunar caps or complete toroids (margination
of chromatin) (Figure 7).! The nucleus may also
break up (karyorhexis) and the cell emits processes
(the budding phenomenon) that often contain py-
knotic nuclear fragments. These processes tend to
break off and become apoptotic bodies, which may
be phagocytized by macrophages or neighboring
cells or remain free; however, the cell may also
shrink into a dense, rounded mass, as a single apop-
totic cell.”® Biochemical events that are behind the
apoptotic morphotype may include caspase activa-
tion, mitochondrial permeability transition with loss
of membrane potential, moderate increased produc-
tion of ROS, moderate cytosoloic Ca?* overload and

intranucleosomal DNA degradation. 6

Phagocytosis is the process of engulfment of
extraneous material by the cell.2® At times, whole
cells undergoing necrosis or apoptosis may be en-
gulfed by their neighbors. The apoptotic cells and
bodies into which it may fragment undergo prog-
ressive degenerative changes within the phagoso-
me of the ingesting cell (Figure 8). There are
important differences in the process of elimination
of apoptotic and necrotic cells. Apoptosis is often

1666

FIGURE 5: A swollen mitochondrion containing a dense myelin figure is ob-
served in pancreatic aciner cell in acute pancretatitis in rats. Uranyl acetate
and lead citrate X 20.000.

FIGURE 6: Hepatocyte necrosis induced by benzoprene administration in
rat. Plasma membrane is ruptured, degenerated cytoplasmic organelles in-
cluding mitochondria and fragmented membranes are spilled out. X 6.300.

considered a ‘clean death’ because it prevents the
release of the intracellular content of the cell. In
contrast, necrotic cell death and spilling of the in-
tracellular content into the extracellular environ-
ment can trigger inflammation by providing
‘danger’ signals for the surrounding cells and im-
mune competent cells.”’ The mechanisms by which
apoptotic and necrotic cells are phagocytozed by
macrophages are also different. Engulfment of cells
under active necrosis is delayed and quantitatively
and kinetically less efficient as compared to the up-
take of apoptosing cells.”®”! Engulfment of apopto-
tic cells occurs early, that is when the dying/dead

Turkiye Klinikleri ] Med Sci 2009;29(6)
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FIGURE 7: Acinar cell apoptosis induced by caerulein pancreatitis in rats.
The nuclear chromatin condensation in apoptotic cell engulfed by its neigh-
bor is highly characteristic. Uranyl acetate and lead citrate X 10.000.

FIGURE 8: A aciner cell undergoing apoptosis is engulfed by its neighbor
during acute pancreatitis in rats. Uranyl acetate and lead citrate X 8.000.

cells or apoptotic bodies still have near-to-normal
cytoplasmic membranes whereas engulfment of
necrotic cells occurs after cytoplasmic membrane
damage so that fragments are engulfed.® Like apop-
totic cells, apoptotic bodies also express signals for
engulfment and are phagocytozed by scavengers or
undergo secondary necrosis if not engulfed.”>’® Au-
tophagocytosis is the sequestration of damaged or-
ganelles within the lysozomes of the same cell
(Figure 9). As in active primary necrosis, serious
energy depletion, high Ca?* cytosolic overload and
high ROS production will lead to activation of cal-
pains and to lysozome rupture.*®” This process may

Turkiye Klinikleri ] Med Sci 2009;29(6)

allow cell damage to be confined and be repaired.
Apoptosis, necrosis and autophagic response can all
be initiated from the lysozomes. A critical point to
determine the cell death mode is at the regulation
of the lysozomal membrane permeabilization
(LMP). Sphingosine, one of the sphingolipids of the
structural component of cell membranes, has been
shown to regulate LMP.” Sphingosine induces par-
tial lysozomal rupture and apoptosis at low-to mo-
derate concentrations, and extensive lysozomal
rupture and necrosis at high concentrations.”®

I REACTIVE OXYGEN SPECIES

Aerobic organisms require ground state oxygen to
live. However, the use of oxygen during normal
metabolism produces ROS, some of which are
highly toxic and deleterious to cells and tissues.”””
7 Physiologic levels of ROS can regulate transcrip-
tion, serve as signal molecules, and defend against
pathogen infection.® Free radicals are molecules
that have one or more unpaired electrons.®’ The
isolated preparations of mitochondria, ER, cytosol
and nuclear membranes have all been shown to be
sources of ROS.! The superoxide radical in the co-
urse of cellular metabolism is mainly produced du-
ring electron transport in the mitochondria.”’ 798182
During ageing and various stress conditions, pero-
xisomes may even become a source of ROS.# The
primary function of electron transport chain (ETC)
is ATP synthesis via oxidative phospohorylation.

FIGURE 9: Caerulein-induced pancreatitis in rats. Many vacuoles contain-
ing granular or membraneous figures represent autophagocytosis of dam-
aged organelles by lysosomal enzymes. X; 8.000.
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The ETC, located in the inner mitochondrial mem-
brane comprises a series of electron carrier enz-
ymes.8* Mitochondria generate superoxide from
Complexes I and III in the ETC and release supe-
roxide to both the mitochondrial matrix and inter-
membrane space.??% The inability of superoxide to
cross the mitochondrial inner membrane suggests
that these two pools of superoxide affect mitoc-
hondrial properties and morphology, differently
and more importantly depending on their location
cause potential oxidative damage to different pro-
teins and lipids, as well as DNA %487

The end product of the respiratory chain is wa-
ter that is generated in a four-electron reduction of
molecular oxygen (O,). However, a small portion of
O, is involved in generation of ROS including supe-
roxide anion radical (O,7), hydrogen peroxide
(H5,0,), hypochlorous acid (HOCI), and the extre-
mely reactive hydroxyl radical (OH *).”9%88 These
free radicals are short-lived molecules containing
an unpaired electron in an outer orbital-an electron
that is not contributing to normal intermolecular
bonding. These are essentially free chemical bonds,
which are energetically unstable and highly reacti-
ve.” Mitochondria can also produce nitric oxide
(NO").”"? Nitric oxide can be converted to various
reactive nitrogen species (RNS) such as nitroxyl ani-
on (NO") and peroxynitrite (ONOO").”® Free radi-
cals can attack the double bond of unsaturated
phospholipids in cell membranes, which eventually
degrade the structural integrity of cell membranes.
These double bonds are excellent targets for ROS
attacks. Lipid oxidation can lead to the loss of the
integrity of both plasma membrane and intracellu-
lar membranes such as that of lysozomes and the
ER, leading to an intracellular leak of proteases or
an influx of Ca?* and resulting in necrosis.”* They
also impair the functions of enzymes by causing
fragmentation of polypeptide chains or cross-lin-
king sulthydryl groups in proteins. In addition, they
cause strand breaks or abnormal cross-linking in
DNA.*%7 Damage to DNA may lead to DNA-da-
mage response, including activation of p53 and
PARP (a nuclear enzyme). While activation of p53
causes apoptosis and cell cycle arrest, hyperactiva-
tion of PARP leads to necrosis.”® ROS can initiate
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mitopotosis, which is postulated to rid the intracel-
lular population of mitochondria from those that
are ROS overproducing. Massive mitoptosis can re-
sult in cell death due to release to cytosol of cell de-
ath proteins normally hidden in the mitochondrial
intermembrane space.?*

Hydroxyl radical is the most reactive species
that can attack and damage almost all molecules fo-
und in the living cell. Since it is so reactive, OH"
does not stay around more than a few microseconds
before combining with a molecule. The reactions
of OH" leave behind the legacy in the cell in the
form of propagating chain reactions. Thus it attacks
DNA, free radical chain reaction propagate thro-
ugh the DNA and cause chemical alterations of the
bases as well as strand breakage. The best-charac-
terized biological damage caused by OH" may be
its ability to stimulate the free radical chain reacti-
on known as lipid peroxidation. This occurs when
OH" is generated close to membranes and attacks
the fatty acid side chains of the membrane phospo-
holipids.">% One OH " can result in conversion of
many hundred fatty acid-chains into lipid hydro-
peroxides. Accumulation of lipid hydroperoxides
in a membrane disrupts its functioning and can ca-
use it to collapse.’**° Some of the products of lipid
peroxidation (malonaldehyde and 4-hydroxynone-
nal) increase the permeability and deformability of
the membranes in which they are found. Mitoc-
hondrial membranes are particularly susceptible to
this sort of damage, perhaps because they combine
a high risk of ROS-mediated peroxidation.! We ha-
ve shown mitochondrial degeneration in a vast ar-
ray of oxidative stress conditions e.g., ageing
(Figure 4), pancreatitis (Figure 5), and exposure to
toxic agents (Figure 6).

Mitochondrial oxidative phosphorylation is
the major ATP synthetic pathway in eukaryotes.
Additionally, mitochondria are the site of steroid
hormone and porphyrin synthesis, the urea cycle,
lipid metabolism, and interconversion of amino
acids.'® They also play central roles in xenobiotic
metabolism, glucose sensing/insulin regulation and
cellular Ca?* homeostasis.’®!%"1%2 Clearly, the deve-
lopment of mitochondrially-targeted drugs is an
important research direction.!0%104
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Outside mitochondria, ROS are generated du-
ring biotransformation of various xenobiotics and
drugs, inflammation, UV, and ionic radiation, etc.;
and in conjunction with RNS by nitric oxide syn-
thase activity.!® Major extramitochondrial ROS so-
urces are represented by cytochrome P450-
dependent reactions.!%

Mitochondria play an important role in control-
ling the life and death of a cell. Beyond a fundamen-
tal role in energy metabolism, they also play roles in
thermogenesis, maintenance of cellular redox poten-
tial, Ca?* homeostasis, ROS production, cell signaling
and death.'” In humans, numerous pathological con-
ditions have been linked to mitochondrial dysfunc-
tions. Cancer, diabetes, obesity, neurodegeneration,
sepsis, and even ageing are all associated with mitoc-

hondrial dysfunction.'®11

OXIDATIVE STRESS RELATED
PATHOLOGIES

It seems likely that tissue destruction and degenera-
tion result in increased oxidant damage by the dis-
ruption of mitochondrial structure, so almost any
disease is likely to be accompanied by increased fre-
e radical formation.” Considerable interest in oxi-
dative stress comes from related pathologies
including atherosclerosis, hypertension, ischemia-
reperfusion, inflammation, cystic fibrosis, cancer,
type-2 diabetes, Parkinson’s and Alzheimer’s disea-
se, and other neurodegenerative diseases.'® Indeed,
defining the aspects of aging lies in the progressive
vicious cycle in which oxidative stress plays a major
role.””!> Oxidative stress arises from a significant in-
crease in concentrations of ROS and RNS to the le-
vels that are toxic to biomolecules, including DNA,
lipids, and proteins. It is however known that ROS
exert important regulatory functions.!! Hence, a ba-
sal or tonal concentration of ROS, especially at the
level of the mitochondrion, is essential for basic cell
signaling processes.®!'7118 In other words, all ROS
are not created equal, and compartmentalization
and concentration gradients are highly important.®

I ANTIOXIDANT DEFENSE SYSTEM

To protect cells from the damage caused by free ra-
dicals and related reactants, organism have evolved
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several defense mechanisms to rapidly and effici-
ently remove ROS from the intracellular environ-
ment.'”” Molecules that directly neutralize (e.g.,
scavenge) free radicals as well as processes that ot-
herwise rid cells of these reactive species are
known as antioxidants.'*® Organisms endogenously
generate a variety of antioxidants, such as glutathi-
one whereas others are ingested, such as vitamin
E.''> When organisms are exposed to toxins; psy-
chological and physical stress; and in advanced age,
when free radical generation increases and exceeds
the endogenous and exogenous defense capabiliti-
es of the organism; molecular damage is sustai-
ned.'"122 Only excessive ROS or RNS production
and/or decrease in detoxification mechanisms lead
to oxidative stress and pathological conditions."®
Thus, antioxidants may function to prevent the for-
mation of or to detoxify free radicals, to scavenge
ROS or their precursors. Halliwell has proposed
this useful definition: ‘an antioxidant is any subs-
tance that, when present at low concentrations
compared to those of an oxidizable substrate, signi-
ficantly delays or prevents oxidation of that subs-

trate’.!?

Types of antioxidants include antioxidant vita-
mins (e.g., ascorbic acid, a-tocopherol, f-carotene),
inorganic antioxidants (e.g., selenium), synthetic
antioxidants (e.g., butylated hydroxyanisole), and
a range of plant-derived polyphenols.®? Organisms
widely use glutathione, glutathione peroxidase,
glutathione transferase, superoxide dismutase
(SOD), catalase (CAT), and a variety of other anti-
oxidants to protect themselves against generation
of ROS.%%1241% Glutathione (GSH), most abundant
nonprotein thiol in the cell, plays a critical role in
antioxidant defense mechanism and in the detoxi-
fication of endobiotic and xenobiotic electrophi-
les.'?® Since mitochondria are not competent to
synthesize glutathione, it is transported from the
cytoplasm to the mitochondria.'?*'*” Mitochondri-
al glutathione pool plays a critical role in cytopro-
tection.!'®!?® Nevertheless, because the concent-
ration of tripeptide glutathione (GSSG/ GSH) is so
much higher than of any other system, the
GSH/GSSG pool within the cell dominates the in-
tracellular redox environment and comprises the
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principal redox buffer of the cell. Hydrogen pero-
xide and other ROS are degraded by several sele-
nium-dependent glutathione peroxidases (GPx),
which, with glutathione, convert H,0, to wa-
ter.1®130 When GSH deficiency is produced in new-
born rats or guinea pigs, the animal develops
multiorgan failure and dies within a few days.'?!
GSH functions directly in the destruction of ROS
and as a substrate for GSH peroxidases (both sele-
nium containing and others), which catalyze the
reduction of hydrogen peroxide and other peroxi-
des.'”® Another detoxification enzyme, catalase
(CAT), can contribute to ROS detoxification. The
activity of CAT converting H50, to water is res-
tricted in most tissues to peroxisomes. Actually, the
heart mitochondria are the only mitochondria that
also contain CAT. Catalase can operate elevated
concentrations of Hy0, e.gin skeletal muscle, ery-
throcytes.'® Superoxide anion, O,", in the mitoc-
hondrial matrix is converted to H,O, by matrix
MnSOD while O, released to the intramembrane
space is partly dismuted by intermembrane space
CuZnSOD.1313% Any residual O, which diffuses in-
to the cytosol is similarly converted by cytosolic
CuZnSOD. If any mitochondrial Oy~ can reach the
extracellular space, it then is detoxified by extra-
cellular CuZnSOD. Once H,0, is produced, it can
easily penetrate through membranes, owing to its
uncharged property and poor reactivity.'®

Melatonin (N-acetyl-5-methoxytriptamine) is
the best known chemical mediator of the pineal
gland.'®>13¢ It was first isolated from the bovine pi-
neal gland and structurally identified by Lerner and
colleagues in 1958."7 In addition to the pineal
gland, melatonin is synthesized by a number of ex-
trapineal organs, which are regarded as non-endoc-
rine organs and from which the release of this
indoleamine is very low or is restricted to certain,
very specific conditions. These include the retina,
lens, bone marrow cells, gut, skin and possibly
many other cells as well.'"'* These organs are re-
ported to contain the enzymatic machinery neces-
sary for melatonin production. It remains
unknown whether melatonin synthesized by ex-
trapineal organs is the source of baseline melato-
nin levels in the blood. Certainly, pinealectomy is

1670

not accompanied by a total disappearance of blood
melatonin. There is evidence claiming that during
the day melatonin is released into circulation in
very high amounts following a tryptophan load or
at lower amounts after food intake.!***! Melatonin
is able to directly scavenge a variety of toxic oxygen
and nitrogen-based reactants, stimulates antioxida-
tive enzymes, increases the efficiency of the ETC
thereby limiting electron leakage and free radical
generation, and promotes ATP synthesis.” 84119142
145 Via these actions, melatonin preserves the integ-
rity of the mitochondria and helps to maintain cell
functions and survival ® It acts as an electron donor
for molecules deficient in an electron.'* Consequ-
ently, melatonin is able to detoxify highly reactive
radicals directly.'*” On the other hand, it is a highly
effective lipid antioxidant both in vitro and in vi-
vo.!#7148 Melatonin seems to protect against lipid
peroxidation via some mechanisms; one of these
processes involve melatonin’s ability to stabilize
cellular membranes, an action that permits mem-
branes to resist oxidative damage and allows cells to
more optimally regulate their internal milieu 8%

Melatonin is a highly lipophilic and hydrop-
hilic agent."®*"! Peripherally administered melato-
nin gains ready access to cells and seems to be
especially highly concentrated in the nucleus. Its
apparently ubiquitous subcellular distribution,
along with the fact that it easily crosses morp-
hophysiological barriers, such as the blood-brain
barrier, further emphasizes its potential importan-
ce as an antioxidant.® In addition to its antioxida-
tive effects, melatonin acts through specific nuclear
and plasma membrane receptors. In humans, mela-
tonin receptors are detected in several organs, inc-
luding the brain and retina, cardiovascular system,
liver and gallbladder, intestine, kidney, immune
cells, adipocytes, prostate and breast epithelial cells,
ovary/granulose cells, myometrium, and skin.'*?
The antioxidative beneficial effects of melatonin
have been extensively studied in various patholo-
gical conditions associated with free radicals and
related reactants, such as ischemia/reperfusion, in-
flammation, ionizing radiation ageing, age-related
skin changes, carcinogenesis, etc.67.68139144154-158 Re
cent studies revealed that melatonin attenuated
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acute gastric lesions induced by ethanol, stress, as-
pirin and ischemia/reperfusion because of its anti-
oxidant activity and scavenging of free
radicals.’ 162 It protects the gastric mucosa from
oxidative damage in different experimental ulcer
models.'>16>16¢ We have recently demonstrated its
beneficial effects on age-related gastric and intesti-
nal oxidative damage induced by long-term pinea-
lectomy (unpublished data). Melatonin is probably
synthesized in the enterochromaffin cells of the
gastrointestinal mucosa but the digestive tract may
also take additional amounts of melatonin from the
circulation and from the digestive tract after con-
sumption of melatonin containing food.>?9%15%165.166
Melatonin was found in high concentrations in nu-
merous plants.’®” Thus eating vegetables or mela-
tonin added foods might reduce free radical

damage to tissues.

EFFECTS OF EXERCISE ON
ANTIOXIDANT DEFENSE SYSTEM

Physical activity has been related to lipid peroxi-
dation and antioxidant enzyme levels.'¥1"! Expe-
rimental evidence indicates that moderate exercise
has many beneficial effects, whereas acute and ex-
haustive exercise can produce damage in skeletal
muscle and other tissues.'”>!7® During exercise, the
O, consumption is incremented in the whole body
and in skeletal muscle. Performance of strenuous
physical activity can increase oxygen consumption
by 10- to 15-fold over rest to meet energy demands.
The resulting elevated oxygen consumption produ-
ces an “oxidative stress” that leads to the generati-
on of free radicals and lipid peroxidation. A defense
system of free radical scavengers may minimize
these dangerous radicals.'® The increment of O,
flux through the mitochondria (together with the
inflammatory response at muscular level) leads to
partial O, reduction, thereby triggering ROS pro-
duction and antioxidant consumption.'”* Experi-
mental evidence indicates that exhaustive exercise
induces lipid peroxidation, DNA damage and alte-
ration of antioxidant defense system.!”>1”” Conver-
sely, the protective effects of training are usually
associated with up-regulation of endogenous anti-
oxidant defense and repair systems, thus explaining
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why trained individuals display less cell damage
than untrained subjects.!7#17617817 Mild stress deri-
ved by moderate training induces stimulation and

173 However, the

maintenance of repair pathways.
results of studies that addressed whether exercise
increases oxidative stress are not consistent, per-
haps because of the different levels of training of
the subjects, the different exercises and intensities
used, and the various measures of oxidative stress
employed.'® Despite the small availability of direct
evidence for ROS production during exercise, the-
re is an abundance of literature providing indirect
support that oxidative stress occurs during exerci-
se.

Although aerobic training has been found to
increase antioxidant activity in animal models, the
effects of aerobic training on antioxidant enzyme
activity in humans are controversial.’8!"% Higher
levels of antioxidant enzyme activity have been
observed in trained subjects than in sedentary
ones.!%8170.184 Some experimental studies report an
increase of antioxidant enzyme activity after tra-
ining, while others have documented no changes
or even a decrease in circulating antioxi-
dants.'®®185-189 Low levels of an antioxidant enz-
yme may result from reduced production of the
enzyme or by inactivation related to their inte-
raction with free radicals. The different results for
the antioxidant enzyme system status may be the
result of different assessment times, before or af-
ter training, and different exercise and intensities
used.

Several studies have reported that activity of
SOD, CAT, GPx and the content of GSH in vario-
us tissues were increased after exercise.!6%184190-194
Changes in antioxidant scavengers and associated
enzymes also provide clues about demands on the
defense system. Increases in antioxidant enzyme
activity correspond with enhanced resistance to
oxidative stress. Finally, we can say that lifelong re-
gular mild training exercise can improve the anti-
oxidant defense in many tissues, by increasing the
activity of antioxidant enzymes and reducing basal
production of oxidants, without constituting any
additional oxidant stress.
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injury and death. ROS are produced mainly by
mitochondria during electron transport. Cell
protect itself form oxidative stress via a series of

I CONCLUSION

Oxidative stress plays an important role in cell

Thus eating foods rich form antioxidant agents

may reduce cell and tissue damage induced by

stress.

antioxidants coming from endogenous or exoge-

nous sources. Antioxidant agents such as mela-

tonin, ascorbic acid, selenium can protect the
cell from injury and death by maintaining the in-
tegrity and function of mainly mitochondria.
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