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

AABBSS  TTRRAACCTT  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.

KKeeyy  WWoorrddss::  Antioxidants, cell death, oxidative stress, mitochondria, melatonin

ÖÖZZEETT  Hücresel hasar, hücrenin telafi edici yeteneğini aşan strese neden olan bir hücre yapı ve
fonksiyon değişikliği olarak tanımlanır. Hasar yeterince ağırsa hücre, geri dönüşümsüz bir hasardan
zarar görür ve ölür. Hücre ölümü tarihsel olarak nekroz ve apopitoz olarak ikiye ayrılır. Basit
nekroz-apopitoz sınıflamasının hücre ölüm regülasyonunun karmaşıklığını yeterli şekilde temsil
etmediği açığa çıkmıştır. ‘Otofajik hücre ölümü’, ‘mitoptoz’, ‘mitotik katastrop’, ‘anoikoz’ ve ‘onkoz’,
farklı hücre ölüm şekillerini tanımlamak amacıyla nadiren kullanılan diğer terimlerdir. Nekroz ve
apopitozun bazı mekanizmaları reaktif oksijen ve nitrojen türlerinin (sırayla ROS ve RNS) aracılık
ettiği olayla ilişkilidir. Mitokondriyonlar güçlü ROS üreticileridir; aynı zamanda lipitler, proteinler
ve DNA üzerindeki etkileri sonucunda üretilen oksidatif hasarlardan da özellikle sorumludurlar.
Organizmalar kendilerini serbest radikal ve bağlantılı reaktantlardan korumak için, serbest
radikalleri intraselüler ortamdan uzaklaştırmaya yönelik bir takım savunma mekanizmaları
geliştirmiştir. Serbest radikal oluşumu, organizmanın savunma kapasitesini aştığı zaman moleküler
hasar ortaya çıkar. Bu hasar biriktikçe, sonuçta hücrelerin, organların ve organizmanın bizzat
kendisinin ölümüne neden olacak şekilde hücresel fonksiyon kademeli olarak azalır. Oksidatif hasar
bir seri hastalığın ve yaşlanmanın patogeneziyle bağlantılı bulunmuştur. Serbest radikallerin yıkıcı
etkilerine karşı serbest radikal süpürücüleri ve antioksidanlar büyük ilgi çekmektedir. Bu makalede
hücre ölüm kavramı, moleküler mekanizmaları, oksidatif strese bağlı hücre hasarı ve ölümünün
histopatolojik yönleri ve antioksidan defans sistemi gözden geçirilmiştir. 
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el lu lar in jury is de fi ned as an al te ra ti on in
cell struc tu re or func ti on re sul ting in stress
that ex ce eds the com pen sa tory abi lity of the

cell thro ugh nor mal physi o lo gic adap ti ve mec ha -
nisms.1 Cells ha ve li mi ted abi lity to ex press the ir
res pon se to in jury. They may res pond (a) by dying,
(b) by un der go ing a tran si ent or per ma nent morp -
ho lo gi cal trans for ma ti on (c) by mi to tic ac ti vity that
aga in may be tran si ent or sus ta i ned, nor mal or ab-
nor mal, and may re sult (d) in eit her nor mal pro g-
eny or a mo di fi ca ti on the re of.2 Cell in jury is not
al ways let hal. Agents that ca u se cell in jury may le -
ad to re ge ne ra ti on or adap ti ve me ta bo lic or struc-
tu ral chan ges inc lu ding at rophy, hyper trophy,
hyperp la si a, me tap la si a or dyspla si a.1,2 On the ot -
her hand, ex ces si ve adap ti ve cel lu lar chan ges are
al so mar kers for in jury and di se a ses. Cell in jury
may be eit her re ver sib le or ir re ver sib le. If the in-
jury is se ve re eno ugh and ‘a po int of no re turn’ is
re ac hed, the cell suf fers ir re ver sib le in jury and di -
es.1 It has be en pro po sed that this ‘a po int of no re-
turn’ step co uld be mas si ve cas pa se ac ti va ti on, loss
of the mi toc hon dri al trans mem bra ne po ten ti al,
comp le te per me a bi li za ti on of the ou ter mi toc hon -
dri al mem bra ne or ex po su re of phosp ha tidy lse ri ne
re si du es that emit ‘eat me’ sig nals to ne igh bo ring
cells.3,4 ‘De ad cells’ wo uld be dif fe rent from ‘dying
cells’ that are in pro cess of cell de ath, which can
oc cur thro ugh a va ri ety of dif fe rent path ways. The
No menc la tu re Com mit te e on Cell De ath (NCCD)
sug gest that a cell co uld be con si de red de ad when
any of the fol lo wing mo le cu lar or morp ho lo gi cal
cri te ri a are ob ser ved: 1) the cell has lost its in teg rity
of the plas ma mem bra ne, 2) the cell has un der go -
ne comp le te frag men ta ti on in to dis cre te bo di es;
and/or, 3) its frag ments ha ve be en en gul fed by an
ad ja cent cell in vi vo.5 Cell de ath has his to ri cally be -
en sub di vi ded in to re gu la ted and un re gu la ted mec -
ha nisms. Apop to sis, a form of re gu la ted cell de ath
ref lects a cell’s de ci si on to di e in res pond to cu es
and is exe cu ted by in trin sic cel lu lar mac hi nery.
Un re gu la ted cell de ath, of ten cal led nec ro sis, is ca -
u sed by overw hel ming stress that is in com pa tib le
with cell sur vi val.6 Ho we ver, re cently it has be co -
me cle ar that nec ro sis is a mo le cu larly re gu la ted
event.7,8 The clu es abo ut the con cept of prog ram -
med co ur se of nec ro sis are: 1) nec ro sis can oc cur

du ring de ve lop ment and in adult tis su e ho me os ta -
sis; 2) sus cep ti bi lity to nec ro tic cell de ath can be
re gu la ted by ge ne tic and epi ge ne tic fac tors; 3) the
in hi bi ti on of so me enz ymes and pro ces ses can pre-
vent nec ro sis; 4) in hi bi ti on of cas pa ses can chan ge
morp ho lo gi cal ap pe a ran ce of cell de ath from one
type to anot her.9-12 ‘Nec ro sis’ is usu ally con si de red
a type of cell de ath with no signs of apop to sis or of
au top hagy.12,13 A clas si cal po si ti ve de fi ni ti on of nec -
ro sis is ba sed on morp ho lo gi cal ap pe a ran ce such as
early plas ma mem bra ne rup tu re, di la ta ti on of cy-
top las mic or ga nel les, in par ti cu lar mi toc hon dri a.12

Mi toc hon dri a, en dop las mic re ti cu lum (ER) and
lyso so mes ha ve es sen ti al ro les in the con trol of nec -
ro tic cell de ath.14 Nec ro sis is ge ne rally con si de red a
pas si ve pro cess be ca u se it do es not re qu i re new
pro te in synthe sis and has only mi ni mal energy re-
qu i re ments. In hu mans, nec ro tic cell de ath oc curs
ge ne rally in res pon se to se ve re physi o lo gi cal chan -
ges inc lu ding hypo xi a, isc he mi a, hypogl yce mi a, to -
xin ex po su re, ex po su re to re ac ti ve oxy gen
me ta bo li tes, ex tre me tem pe ra tu re chan ges and nu-
t ri ti on dep ri va ti on.15,16 Se ve ral ne u ro de ge ne ra ti ve
syndro mes and di se a ses, such as Alz he i mer’s di se -
a se, Hun ting ton’s di se a se, Par kin son’s di se a se, am -
yot rop hic la te ral scle ro sis, vas cu lar-occ lu si ve
di se a ses, in fec ti on and inf lam ma tory di se a ses and
can cer in vol ves nec ro sis.17-19

The morp ho lo gi cal ap pe a ran ce of nec ro sis is
of ten that of on co sis. The ex pres si on ‘on co sis’ de fi -
nes a cell de ath with cytop las mic swel ling, di la ta -
ti on of cytop las mic or ga nel les, mec ha ni cal plas ma
mem bra ne rup tu re and a mo de ra te chro ma tin con-
den sa ti on. NCCD re com mends li mi ting the use of
the ex pres si on ‘on co sis’, as it over laps with nec ro -
sis, and a par ti al apop to sis evol ving in to nec ro sis.5

On co sis is ca u sed typi cally by isc he mi a that in ter -
fe res with ATP ge ne ra ti on or in cre a ses per me a bi -
lity of the plas ma mem bra ne. It is usu ally
ac com pa ni ed by kar yoly sis and evol ves wit hin 24
ho urs to typi cal nec ro sis.18

Apop to sis is a type of cell de ath that is ac com -
pa ni ed by ro un ding-up of the cell, ret rac ti on of
pse u do po des, re duc ti on of cel lu lar vo lu me, con-
den sa ti on of the chro ma tin, frag men ta ti on of the
nuc le us, litt le or no ul tras truc tu ral mo di fi ca ti on of
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cytop las mic or ga nel les, plas ma mem bra ne bleb-
bing, and ma in te nan ce of an in tact plas ma mem-
bra ne un til la te sta ges of the pro cess.5,12 De tec ti on
of DNA frag men ta ti on is cur rently one of the most
fre qu ently used tech ni qu es in the study of apop to -
tic cell de ath. Highly sen si ti ve cytoc he mi cal tech-
ni qu es ha ve be en de ve lo ped to vi su a li ze DNA
frag men ta ti on in in di vi du al nuc le i. The ter mi nal
de oxy nuc le o tidyl trans fe ra se-me di a ted dUTP nick
end la be ling (TU NEL) met hod uti li zes the ac ti vity
of the ter mi nal de oxy nuc le o tidyl trans fe ra se enz -
yme to la bel the 3’ ends of DNA strand bre aks,
which may then be iden ti fi ed in in di vi du al nuc le i
by mic ros copy (Fi gu re 1).20

‘A utop ha gic cell de ath’ ‘mi top to sis’, ‘mi to tic
ca tas trop he’, ‘and ‘ano i ko sis’ are the ot her cell de -
ath types. The se ex pres si ons are ra rely used in or -
der to de fi ne dif fe rent types of cell de ath.
Au top ha gic cell de ath is a type of cell de ath that
oc curs wit ho ut chro ma tin con den sa ti on, ac com pa -
ni ed by mas si ve au top ha gic va cu o li za ti on of the cy-
top lasm. The do ub le-mem bra ned va cu o les con ta in
de ge ne ra ting cytop las mic or ga nel les or cyto sol.5,21

Nor mally, da ma ged or dysfunc ti o nal or ga nel les are
re mo ved by au top hagy.22 It is an evo lu ti o nary-
con ser ved in tra cel lu lar ca ta bo lic mec ha nism that
ope ra tes at low le vels un der nor mal con di ti ons to
me di a te the deg ra da ti on of cytop las mic com po -
nents, pro te in ag gre ga tes and ex pi red in tra cel lu lar
or ga nel les by for ming au top ha go so mes. The con-
tents of au top ha go so mes are deg ra ded by lyso so mal

enz ymes af ter au top ha go so mes fu se with lyso so -
mes.6 Au top hagy can as su me the kil ler ro le when
apop to sis is una va i lab le.22 Aut hop hagy has a well-
es tab lis hed ro le in de fen ding aga inst vi ral and bac-
te ri al in va si on.23 It is pos sib le that au top ha gic cell
de ath might be in du ced in a man ner si mi lar to that
of apop to sis. 

The term, ‘mi top to sis’, was co i ned to des cri be
su i ci de of the mi toc hon dri on. Sku lac hev pos tu la -
ted that mi top to sis ope ra ted as a mec ha nism rid-
ding the mi toc hon dri al po pu la ti on in the cell from
mal func ti o ning or ga nel les [for examp le, from tho -
se that over pro du ce re ac ti ve oxy gen spe ci es
(ROS)].24 The fol lo wing cha in events se em pro bab -
le: ROS → ope ning of per me a bi lity tran si ti on po re
→ col lap se of elec tric po ten ti al dif fe ren ce ac ross the
in ner mi toc hon dri al mem bra ne → ces sa ti on of elec-
tric po ten ti al dif fe ren ce ac ross the in ner mi toc -
hon dri al mem bra ne-de pen dent im port of
mi toc hon dri al pro te in pre cur sors → de ath of mi to-
c hon dri on which can not be re pa i red.25

Mi to tic ca tas trop he is a cell de ath oc cur ring
du ring or shortly af ter a dysre gu la ted or fa i led mi-
to sis and can be ac com pa ni ed by morp ho lo gi cal al-
te ra ti ons such as mic ro nuc le i and mul ti nuc le a-
ti on.26 Ano i ko sis is a clas sic apop to sis in du ced by
loss of the at tach ment of cells form the subs tra te or
the ot her cells.5

The dis tinc ti on bet we en cell de ath types is im-
por tant, par ti cu larly be ca u se nec ro sis is of ten as so -
ci a ted with un war ran ted cell loss in hu man
pat ho lo gi es, and can le ad to lo cal inf lam ma ti on
(Fi gu re 2).8,27 Ad di ti o nally apop to tic cells are en-
gul fed comp le tely by pha gocy tes; only parts of nec -
ro tic cells (which swell) are in ter na li zed by a
mac ro pi nocy to tic mec ha nism.28 Apop to tic cells do
not se em to at tract ne ut rop hils or lymphocy tes.
This co uld ref lect a qu a li ta ti ve dif fe ren ce of apop-
to tic cell de ath, but it co uld al so me an that cells
dying singly re le a se such small qu an ti ti es of che -
mo at trac tans that not all the mo le cu lar spe ci es re -
ach the vas cu lar en dot he li um in ef fec ti ve
con cen tra ti ons.18

Nec ro sis can oc cur as a re sult of the ac ti va ti on
of spe ci fic sig nal trans duc ti on cas ca des and sub se -

FIGURE 1: TUNEL + apoptotic cell nuclei around the vessels are observed
in the brain of an aged rat; X 100. 
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qu ently can be overt or re ve a led only by the in hi -
bi ti on of apop to sis and/or au top hagy. Such a de fa -
ult oc cur ren ce of nec ro tic cell de ath and its
un mas king by in hi bi ti on of apop to sis and/or au top -
hagy might ref lect its early emer gency in evo lu ti -
on, per haps as the early eu kar yo tic cell de ath
path way, with sub se qu ent ad di ti ons of ot her la yers
of cell de ath mec ha nisms such as apop to sis and au-
top hagy.12,29 The pro cess le a ding to cas pa se ac ti va -
ti on or au top hagy has ac qu i red the ca pa city to
‘de ci de’ the cell de ath pro cess and thus it starts up-
s tre am of the po int of no re turn.29 It is prog res si -
vely be co ming cle ar that what de ter mi nes the cell
fa te is the in ten sity of an in sult and the ex pres si on
le vels of the downs tre am sig nal trans du cers, as well
as the ex tend of the cal ci um over lo ad and the in ter-
cel lu lar ATP le vels.30 The en do ge no usly ori gi na ted
la te se ri o us energy dep le ti on has be en con si de red
the trig ger for the tran si ti on from the end of a fully
de ve lo ped exe cu ti on pha se of apop to sis to se con -
dary nec ro sis.31,32

Re cent stu di es ha ve de mons tra ted that in res -
pon se to a gi ven de ath sti mu lus, the re is of ten a
con ti nu um of apop to sis and nec ro sis. Many in sults
in du ce apop to sis at lo wer do ses and nec ro sis at hig -
her do ses.18 Whi le me di a tors for nec ro sis such as
cal ci um and ROS ha ve be en re por ted to con tri bu -
te to apop to sis, re cent stu di es ha ve star ted to de -
mons tra te that the abi lity of such me di a tors to
ini ti a te nec ro tic cell de ath de pends on ac ti ve par ti -

ci pa ti on by the dying cell. The co re events of nec -
ro sis are bi o e ner ge tic fa i lu re and ra pid loss of plas -
ma mem bra ne in teg rity.8 Even in res pon se to a
cer ta in do se of de ath-in du cing agent, fe a tu res of
both apop to sis and nec ro sis may co e xist in the sa -
me cell. In ad di ti on, if not en gul fed by ne igh bo ring
cells, de ad cells in the la te sta ge of apop to sis may
pre sent nec ro tic fe a tu res du e to the loss of cel lu lar
energy me ta bo lism and plas ma mem bra ne in teg -
rity. This pro cess is cal led ‘apop to tic nec ro sis’ or se -
con dary nec ro sis.18 Alt ho ugh apop to tic nec ro sis is
ac ti va ted by the sa me sti mu li that ini ti a te apop to -
sis, the morp ho lo gi cal fe a tu res such as or ga nel le
swel ling, ra pid mi toc hon dri al dysfunc ti on, plas ma
mem bra ne per me a bi li za ti on and lack of nuc le ar
frag men ta ti on are cha rac te ris tic of nec ro tic cell de -
ath.6

MO LE CU LAR TAR GETS OF 
CEL LU LAR IN JURY

Any bi o lo gi cally im por tant mo le cu le in a cell can
be the tar get of in jury pro du cing stress. Ho we ver,
the cell mem bra ne, energy me ta bo lism, pro te in
synthe sis and ge ne systems are par ti cu larly vul ne -
rab le. The in teg rity and func ti on of the who le cell
and the or ga nel les de pend on the in teg rity of the -
ir phosp ho li pid mem bra nes. By con trol ling the se-
lec ti ve trans port of mo le cu les, the plas ma
mem bra ne ke eps the cell in os mo tic equ i lib ri um
with ex tra cel lu lar flu id. Da ma ge to plas ma mem-
bra ne in cre a ses the cell’s per me a bi lity to so di um
and wa ter le a ding to swel ling, and even dis rup ti on
of the cell.33 The co re events of nec ro sis are bi o e -
ner ge tic fa i lu re and ra pid loss of plas ma mem bra ne
in teg rity. The ina bi lity to ma in ta in the elec troc he -
mi cal po ten ti als re sults in cytop las mic swel ling,
rup tu re of plas ma mem bra ne, and cytoly sis. The
loss of mem bra ne po ten ti als may be the con se qu -
en ce of cel lu lar energy dep le ti on, da ma ge to mem-
bra ne li pids, and/or loss of func ti on of ho me os ta tic
ion pumps/chan nels.8

As pro tons are pum ped ac ross the in ner mi to-
c hon dri al mem bra ne, a mem bra ne po ten ti al is ge -
ne ra ted. The re sul ting elec troc he mi cal gra di ent
dri ves pro tons back in to the mat rix, ge ne ra ting
ATP form ADP. In hi bi ti on of mi toc hon dri al res pi -

FIGURE 2: Necrotic area associated with inflammatory cell infiltration is ob-
served in liver damage induced by acute pancreatitis in rats (HE, x40).
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ra tory cha in ac ti vity re sults in re du ced cel lu lar
ATP and can in du ce cell de ath by nec ro sis.8 It has
be en sug ges ted that both apop to sis and nec ro sis can
be mi toc hon dri a-de pen dent. In both ca ses, ‘de ath
pro te ins’ are pos tu la ted to be re le a sed from the mi-
toc hon dri al in ter mem bra ne spa ce. Ho we ver, in
apop to sis this oc curs du e to an in cre a se in per me -
a bi lity of the ou ter mi toc hon dri al mem bra ne for
pro te ins (pro a pop to tic pro te ins in du ce the for ma -
ti on of po res); the in ner mem bra ne re ma ins in tact.
As for nec ro sis per me a bi lity tran si ti on po re is for -
med in the in ner mem bra ne so the ou ter mem bra -
ne is bro ken du e to the mat rix swel ling.34,35 Ca2+,
inor ga nic phosp ha te, al ka li ne pH, and ROS are a
few of the many agents that pro mo te the mi toc -
hon dri al per me a bi lity tran si ti on.36 As a con se qu -
en ce of per me a bi lity po re ope ning, so lu tes with a
mo le cu lar mass of up to 1500 Da non se lec ti vely dif-
fu se ac ross the mi toc hon dri al in ner mem bra ne, le -
a ding to mi toc hon dri al de po la ri za ti on, un co up ling
of oxi da ti ve phosp hory la ti on, and lar ge amp li tu de
swel ling, which in turn can le ad to ATP dep le ti on
and cell de ath.37 Mi toc hon dri al da ma ge and re le a -
se of mi toc hon dri al pro te ins amp li fi es apop to tic
sig na ling in mam ma li an cells. Cytoc hro me c, re le -
a sed form da ma ged mi toc hon dri a, pro mo tes the
for ma ti on of hep ta me ric ‘apop to so me’ me ga comp -
lex of APAF-1 (apop to tic pro te a se ac ti va ting fac-
tor-1) and cas pa se 9. Ac ti va ted cas pa se-9 in turn
cle a ves and ac ti va tes downs tre am cas pa ses (cas pa -
se-3, -6, -7 etc) that carry out the exe cu ti on pha se
of apop to sis.38

Du ring the deg ra da ti on pha se of ac ti ve nec ro -
sis se ve ral bi oc he mi cal al te ra ti ons ha ve be en des -
cri bed inc lu ding mi toc hon dri al dysfunc ti on
(pro duc ti on of ROS by mi toc hon dri a and swel ling
of mi toc hon dri a), high pro duc ti on of ROS, se ri o us
ATP dep le ti on, in ten se io nic im ba lan ce (fa i lu re of
Ca2+ ho me os ta sis), ac ti va ti on of a few pro te a ses
(par ti cu larly cal pa ins and cat hep sins), pe ri nuc le ar
clus te ring of or ga nel les. The se al te ra ti ons ul ti ma -
tely con ver ge in ex ten si ve lyso so me rup tu re and
ul ti ma tely plas ma mem bra ne rup tu re.29,39 The im-
por tant Ca2+ over lo ad in du ces en han ced ac ti va ti on
of hydroly zing enz ymes, inc lu ding cal pa ins and le -
ads to exag ge ra ted energy con sump ti on and im pa -

ir ment of energy pro duc ti on; ATP dep le ti on and
ac ti va ted cal pa ins we re shown to in du ce lyso zo -
me rup tu re, and re le a sed lyso zo mal cat hep sins
con tri bu te to cytop las mic mem bra ne da ma ge.39-48

Cal pa ins and cat hep sins are the ma jor pro te a ses
in vol ved in nec ro sis.8 In pas si ve nec ro sis, cytop -
las mic mem bra ne da ma ge is du e to se ri o us energy
fa i lu re and to the cu mu la ti ve ac ti vity of hydroly -
tic enz ymes and of ROS. The se events re sult in
prog res si ve mem bra ne per me a bi li za ti on to mo le -
cu les of in cre a sing si ze un til the rup tu re of the
mem bra ne. This rup tu re is a con se qu en ce of the
con ti nu o us cell swel ling (on co sis or nec ro tic vo l-
u me in cre a se).49

Un con trol led cal ci um entry can be a ca u se, as
well as a re sult of, cell de ath. In stres sed cells, pro-
g res si ve cal ci um entry oc curs be fo re the ago nal
con tor ti on, bleb bing, and swel ling.50 In vi ab le cells,
the plas ma and in tra cel lu lar mem bra nes are vir tu -
ally im per me ab le to Ca2+. Most of the in tra cel lu lar
Ca2+ is sto red in the ER. When the ER Ca2+ is re le -
a sed in to the cyto sol or the ex tra cel lu lar Ca2+ cros -
ses the plas ma mem bra ne, cell de ath can be
ini ti a ted du e to the ac ti va ti on of Ca2+-de pen dent
pro te a ses and/or mi toc hon dri al over lo ad.51 In cre a -
sed cyto so lic cal ci um con cen tra ti on re sults in the
ac ti va ti on of so me enz ymes such as phosp ho li pa -
ses, AT Pa ses and pro te a ses, which bre ak down cri t-
i cal com po nents of the cell.1,52 Mo re o ver, cal ci um is
a key re gu la tor of mi toc hon dri al func ti ons and acts
at se ve ral le vels wit hin the or ga nel le to sti mu la te
ATP synthe sis. The dysre gu la ti on of mi toc hon dri -
al cal ci um ho me os ta sis is now re cog ni zed to play a
key ro le in se ve ral pat ho lo gi es. For examp le, mi to-
c hon dri al mat rix Ca2+ over lo ad can le ad to en han -
ced ge ne ra ti on of ROS, so me of which are highly
to xic and de le te ri o us to cells and tis su es.53 Li ke
many ot her in sults, in cre a sed cyto so lic Ca2+ can ini-
ti a te eit her apop to sis or nec ro sis. The out co me of
cell de ath is pro bably de ter mi ned by the con cen -
tra ti on of cytop las mic Ca2+. Whe re as low to mo de -
ra te Ca2+ trig gers apop to sis, hig her con cen tra ti ons
of Ca2+ is as so ci a ted with nec ro sis.54 The mi toc hon -
dri al me ta bo lic sta tus may al so af fect the sen si ti vity
of mi toc hon dri a to Ca2+ po i so ning and con tri bu te
to the de ter mi na ti on of cell de ath.55
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Cells re qu i re a cons tant energy supply to dri -
ve me ta bo lism and bi osyn the tic re ac ti ons. Dep le ti -
on of ATP im pa irs the abi lity of the cell to
synthe si ze struc tu ral and func ti o nal pro te ins, and
shifts the energy me ta bo lism to wards ana e ro bic
glycoly sis ac com pa ni ed by the ac cu mu la ti on of in-
or ga nic phosp ha te and lac tic acid. The dec re a se of
in tra cel lu lar pH to get her with the in cre a se in the
con cen tra ti on of cyto so lic cal ci um al ters the ac ti -
vity of many in tra cel lu lar enz ymes in vol ved in ho -
me os ta tic re gu la ti on. The ‘aci do sis’ in ter fe res with
the enz yme func ti o ning and can da ma ge nuc le ar
DNA. The re is al so re duc ti on in pro te in synthe sis.1

Ho we ver, af ter nec ro sis pro te in sythe sis is sus ta i -
ned in the dying cell up to the po int whe re the cell
lo ses its mem bra ne in teg rity.56 De na tu ra ti on of cel-
lu lar enz ymes or struc tu ral pro te ins can se ve rely
im pa ir cel lu lar func ti ons. Da ma ge to struc tu ral pro-
te ins can im pa ir the in tra cel lu lar trans port system
and dis rupt the sup por ti ve pro te in cytos ke le ton of
cells.57 Ad di ti o nally, dec li ne in the func ti on of the
ATP-de pen dent ion pumps in the cytop las mic
mem bra ne can le ad to the ope ning of so cal led de -
ath chan nels in the cytop las mic mem bra ne that is
se lec ti vely per me ab le to ani ons.58 The ope ning of
de ath chan nel re sults in col lo id os mo tic for ces and
entry of ca ti ons that dri ve the cytop las mic mem-
bra ne to swell and ul ti ma tely rup tu re.8 Ma ni pu la -
ting cell me ta bo lism and ATP ge ne ra ti on can
re gu la te the cell fa te. Be ca u se cells de pend on so
many ATP-de pen dent re ac ti ons, ATP le vels can ra -
pidly dec li ne if the cell’s abi lity to ge ne ra te ATP
thro ugh mi toc hon dri al oxi da ti ve phosp hory la ti on
and/or cyto so lic glycoly sis is im pa i red.59 For the
nor mal prog ress of apop to tic path ways energy is re-
qu i red, and an ini ti al in cre a se in cyto so lic ATP in
apop to sing cells has be en re por ted.24,60 ATP is re-
qu i red for cell shrin ka ge, bleb for ma ti on, cas pa se
ac ti va ti on, enz yma tic hydroly sis of mac ro mo le cu -
les, chro ma tin con den sa ti on, DNA frag men ta ti on,
nuc le ar frag men ta ti on, and apop to tic body for ma -
ti on.24,61 Thus, prog res si on of apop to sis even tu ally
le ads to a la te dep le ti on of the in tra cel lu lar ATP
po ol. This la te se ri o us energy dep le ti on has be en
con si de red the trig ger for the tran si ti on from the
end of a fully de ve lo ped pha se of apop to sis to se c-
on dary nec ro sis.62 It has be en shown that lo we ring

of [ATP] by 1/3 do es not in du ce cell de ath whe re -
as a tran si ent dec re a se of mo re than 97% in [ATP]
or its thre e-fold lo we ring for a lon ger pe ri od of ti -
me gi ves ri se to nec ro sis.63-65 In tra cel lu lar ATP le -
vels ap pe ar to be a fac tor de ter mi ning cell de ath
fa te by apop to sis and nec ro sis.  

The first chan ges in the cell un der go ing nec ro-
sis are mild cytop las mic swel ling, di la ta ti on of smo -
oth en dop las mic re ti cu lum (SER), and loss of ri bo-
so mes from ro ugh en dop las mic re ti cu lum (RER)
(Figure 3).1,66 A furt her chan ge is bleb bing from the
plas ma mem bra ne of cytop las mic frag ments that
inc lu de cyto sol but not the lar ger or ga nel les such as
mi toc hon dri a. All the se chan ges al so oc cur in sub-
let hally in ju red cells. An im por tant qu es ti on the re-
fo re is the na tu re of the ‘po int of no re turn’ at
which the re is ir re ver sib le com mit ment to nec ro -
sis. This com mit ment co in ci des clo sely with two
mi toc hon dri al chan ges: a vi o lent di la ta ti on and the
ap pe a ran ce of mat rix den si ti es.1 Mi toc hon dri a be-
co me ede ma to us with in cre a sed trans lu cen ce of the
mat rix, par ti al or to tal des truc ti on of crests and so -
me ti mes the pre sen ce of mye lin fi gu res (Fi gu res 4,
5).67,68 The nec ro tic cells swell ra pidly and both the
plas ma mem bra ne and the in ter nal mem bra nes be -
gin to rup tu re. Or ga nel les spill out and are fo und in
ex tra cel lu lar spa ce (Fi gu re 6). Ho we ver, nuc le ar
struc tu res re ma in re la ti vely in tact. 

Nec ro sis is as so ci a ted with cell swel ling and
de ath. Apop to sis oc curs whe re de ath 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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gu la ted pro cess and is as so ci a ted with cell shrin ka -
ge. In con tra dis tinc ti on to nec ro sis, mi toc hon dri a
do not un der go swel ling and rup tu re in ter nal
mem bra nes.1,18 The most stri king morp ho lo gi cal
chan ge is in nuc le ar chro ma tin con den sa ti on, in
which chro ma tin con den sa ti on ap pe ars as den se
he mi lu nar caps or comp le te to ro ids (mar gi na ti on
of chro ma tin) (Fi gu re 7).1 The nuc le us may al so
bre ak up (kar yor he xis) and the cell emits pro ces ses
(the bud ding phe no me non) that of ten con ta in py-
kno tic nuc le ar frag ments. The se pro ces ses tend to
bre ak off and be co me apop to tic bo di es, which may
be pha gocy ti zed by mac rop ha ges or ne igh bo ring
cells or re ma in fre e; ho we ver, the cell may al so
shrink in to a den se, ro un ded mass, as a sing le apop-
to tic cell.18 Bi oc he mi cal events that are be hind the
apop to tic morp hoty pe may inc lu de cas pa se ac ti va -
ti on, mi toc hon dri al per me a bi lity tran si ti on with loss
of mem bra ne po ten ti al, mo de ra te in cre a sed pro duc -
ti on of ROS, mo de ra te cyto so lo ic Ca2+ over lo ad and
in tra nuc le o so mal DNA deg ra da ti on.24,61,69

Pha gocy to sis is the pro cess of en gulf ment of
ex tra ne o us ma te ri al by the cell.2,33 At ti mes, who le
cells un der go ing nec ro sis or apop to sis may be en-
gul fed by the ir ne igh bors. The apop to tic cells and
bo di es in to which it may frag ment un der go prog -
res si ve de ge ne ra ti ve chan ges wit hin the pha go so -
me of the in ges ting cell (Fi gu re 8). The re are
im por tant dif fe ren ces in the pro cess of eli mi na ti on
of apop to tic and nec ro tic cells. Apop to sis is of ten

con si de red a ‘cle an de ath’ be ca u se it pre vents the
re le a se of the in tra cel lu lar con tent of the cell. In
con trast, nec ro tic cell de ath and spil ling of the in-
tra cel lu lar con tent in to the ex tra cel lu lar en vi ron -
ment can trig ger inf lam ma ti on by pro vi ding
‘dan ger’ sig nals for the sur ro un ding cells and im-
mu ne com pe tent cells.70 The mec ha nisms by which
apop to tic and nec ro tic cells are pha gocy to zed by
mac rop ha ges are al so dif fe rent. En gulf ment of cells
un der ac ti ve nec ro sis is de la yed and qu an ti ta ti vely
and ki ne ti cally less ef fi ci ent as com pa red to the up-
ta ke of apop to sing cells.28,71 En gulf ment of apop to -
tic cells oc curs early, that is when the dying/de ad

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.

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.
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cells or apop to tic bo di es still ha ve ne ar-to-nor mal
cytop las mic mem bra nes whe re as en gulf ment of
nec ro tic cells oc curs af ter cytop las mic mem bra ne
da ma ge so that frag ments are en gul fed.62 Li ke apop-
to tic cells, apop to tic bo di es al so ex press sig nals for
en gulf ment and are pha gocy to zed by sca ven gers or
un der go se con dary nec ro sis if not en gul fed.72,73 Au-
top ha gocy to sis is the se qu es tra ti on of da ma ged or-
ga nel les wit hin the lyso zo mes of the sa me cell
(Fi gu re 9).33 As in ac ti ve pri mary nec ro sis, se ri o us
energy dep le ti on, high Ca2+ cyto so lic over lo ad and
high ROS pro duc ti on will le ad to ac ti va ti on of cal-
pa ins and to lyso zo me rup tu re.46,74 This pro cess may

al low cell da ma ge to be con fi ned and be re pa i red.
Apop to sis, nec ro sis and au top ha gic res pon se can all
be ini ti a ted from the lyso zo mes. A cri ti cal po int to
de ter mi ne the cell de ath mo de is at the re gu la ti on
of the lyso zo mal mem bra ne per me a bi li za ti on
(LMP). Sphin go si ne, one of the sphin go li pids of the
struc tu ral com po nent of cell mem bra nes, has be en
shown to re gu la te LMP.75 Sphin go si ne in du ces par-
ti al lyso zo mal rup tu re and apop to sis at low-to mo -
de ra te con cen tra ti ons, and ex ten si ve lyso zo mal
rup tu re and nec ro sis at high con cen tra ti ons.76

RE AC TI VE OXY GEN SPE CI ES
Ae ro bic or ga nisms re qu i re gro und sta te oxy gen to
li ve. Ho we ver, the use of oxy gen du ring nor mal
me ta bo lism pro du ces ROS, so me of which are
highly to xic and de le te ri o us to cells and tis su es.77-

79 Physi o lo gic le vels of ROS can re gu la te trans crip -
ti on, ser ve as sig nal mo le cu les, and de fend aga inst
pat ho gen in fec ti on.8 Fre e ra di cals are mo le cu les
that ha ve one or mo re un pa i red elec trons.80 The
iso la ted pre pa ra ti ons of mi toc hon dri a, ER, cyto sol
and nuc le ar mem bra nes ha ve all be en shown to be
so ur ces of ROS.1 The su pe ro xi de ra di cal in the co -
ur se of cel lu lar me ta bo lism is ma inly pro du ced du -
ring elec tron trans port in the mi toc hon dri a.77-79,81,82

Du ring age ing and va ri o us stress con di ti ons, pe ro -
xi so mes may even be co me a so ur ce of ROS.83 The
pri mary func ti on of elec tron trans port cha in (ETC)
is ATP synthe sis vi a oxi da ti ve phos po hory la ti on.

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.

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, lo ca ted in the in ner mi toc hon dri al mem-
bra ne com pri ses a se ri es of elec tron car ri er enz -
ymes.84 Mi toc hon dri a ge ne ra te su pe ro xi de from
Comp le xes I and III in the ETC and re le a se su pe -
ro xi de to both the mi toc hon dri al mat rix and in ter -
mem bra ne spa ce.82,85 The ina bi lity of su pe ro xi de to
cross the mi toc hon dri al in ner mem bra ne sug gests
that the se two po ols of su pe ro xi de af fect mi toc -
hon dri al pro per ti es and morp ho logy, dif fe rently
and mo re im por tantly de pen ding on the ir lo ca ti on
ca u se po ten ti al oxi da ti ve da ma ge to dif fe rent pro-
te ins and li pids, as well as DNA.86,87

The end pro duct of the res pi ra tory cha in is wa -
ter that is ge ne ra ted in a fo ur-elec tron re duc ti on of
mo le cu lar oxy gen (O2). Ho we ver, a small por ti on of
O2 is in vol ved in ge ne ra ti on of ROS inc lu ding su pe -
ro xi de ani on ra di cal (O2

.-), hydro gen pe ro xi de
(H2O2), hypoch lo ro us acid (HOCl), and the ex tre -
mely re ac ti ve hydroxyl ra di cal (OH˙̇).79,88,89 The se
fre e ra di cals are short-li ved mo le cu les con ta i ning
an un pa i red elec tron in an ou ter or bi tal-an elec tron
that is not con tri bu ting to nor mal in ter mo le cu lar
bon ding. The se are es sen ti ally fre e che mi cal bonds,
which are ener ge ti cally uns tab le and highly re ac ti -
ve.90 Mi toc hon dri a can al so pro du ce nit ric oxi de
(NO˙).91,92 Nit ric oxi de can be con ver ted to va ri o us
re ac ti ve nit ro gen spe ci es (RNS) such as nit roxyl ani -
on (NO-) and pe roxy nit ri te (ONO O-).93 Fre e ra di -
cals can at tack the do ub le bond of un sa tu ra ted
phosp ho li pids in cell mem bra nes, which even tu ally
deg ra de the struc tu ral in teg rity of cell mem bra nes.
The se do ub le bonds are ex cel lent tar gets for ROS
at tacks. Li pid oxi da ti on can le ad to the loss of the
in teg rity of both plas ma mem bra ne and in tra cel lu -
lar mem bra nes such as that of lyso zo mes and the
ER, le a ding to an in tra cel lu lar le ak of pro te a ses or
an inf lux of Ca2+ and re sul ting in nec ro sis.94 They
al so im pa ir the func ti ons of enz ymes by ca u sing
frag men ta ti on of poly pep ti de cha ins or cross-lin -
king sulfhydryl gro ups in pro te ins. In ad di ti on, they
ca u se strand bre aks or ab nor mal cross-lin king in
DNA.90,95-97 Da ma ge to DNA may le ad to DNA-da -
ma ge res pon se, inc lu ding ac ti va ti on of p53 and
PARP (a nuc le ar enz yme). Whi le ac ti va ti on of p53
ca u ses apop to sis and cell cycle ar rest, hype rac ti va -
ti on of PARP le ads to nec ro sis.98 ROS can ini ti a te

mi to po to sis, which is pos tu la ted to rid the in tra cel -
lu lar po pu la ti on of mi toc hon dri a from tho se that
are ROS over pro du cing. Mas si ve mi top to sis can re-
sult in cell de ath du e to re le a se to cyto sol of cell de -
ath pro te ins nor mally hid den in the mi toc hon dri al
in ter mem bra ne spa ce.24

Hydroxyl ra di cal is the most re ac ti ve spe ci es
that can at tack and da ma ge al most all mo le cu les fo -
und in the li ving cell. Sin ce it is so re ac ti ve, OH˙̇
do es not stay aro und mo re than a few mic ro se conds
be fo re com bi ning with a mo le cu le. The re ac ti ons
of OH˙̇  le a ve be hind the le gacy in the cell in the
form of pro pa ga ting cha in re ac ti ons. Thus it at tacks
DNA, fre e ra di cal cha in re ac ti on pro pa ga te thro -
ugh the DNA and ca u se che mi cal al te ra ti ons of the
ba ses as well as strand bre a ka ge. The best-cha rac -
te ri zed bi o lo gi cal da ma ge ca u sed by OH˙̇  may be
its abi lity to sti mu la te the fre e ra di cal cha in re ac ti -
on known as li pid pe ro xi da ti on. This oc curs when
OH˙̇ is ge ne ra ted clo se to mem bra nes and at tacks
the fatty acid si de cha ins of the mem bra ne phos po-
ho li pids.1,52,99 One OH˙̇  can re sult in con ver si on of
many hun dred fatty acid-cha ins in to li pid hydro -
pe ro xi des. Ac cu mu la ti on of li pid hydro pe ro xi des
in a mem bra ne dis rupts its func ti o ning and can ca -
u se it to col lap se.52,90 So me of the pro ducts of li pid
pe ro xi da ti on (ma lo nal dehy de and 4-hydroxy no ne -
nal) in cre a se the per me a bi lity and de for ma bi lity of
the mem bra nes in which they are fo und. Mi toc -
hon dri al mem bra nes are par ti cu larly sus cep tib le to
this sort of da ma ge, per haps be ca u se they com bi ne
a high risk of ROS-me di a ted pe ro xi da ti on.1 We ha -
ve shown mi toc hon dri al de ge ne ra ti on in a vast ar -
ray of oxi da ti ve stress con di ti ons e.g., age ing
(Fi gu re 4), pan cre a ti tis (Fi gu re 5), and ex po su re to
to xic agents (Fi gu re 6).     

Mi toc hon dri al oxi da ti ve phosp hory la ti on is
the ma jor ATP synthe tic path way in eu kar yo tes.
Ad di ti o nally, mi toc hon dri a are the si te of ste ro id
hor mo ne and porph yrin synthe sis, the ure a cycle,
li pid me ta bo lism, and in ter con ver si on of ami no
acids.100 They al so play cen tral ro les in xe no bi o tic
me ta bo lism, glu co se sen sing/in su lin re gu la ti on and
cel lu lar Ca2+ ho me os ta sis.53,101,102 Cle arly, the de ve -
lop ment of mi toc hon dri ally-tar ge ted drugs is an
im por tant re se arch di rec ti on.103,104
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Out si de mi toc hon dri a, ROS are ge ne ra ted du -
ring bi ot rans for ma ti on of va ri o us xe no bi o tics and
drugs, inf lam ma ti on, UV, and io nic ra di a ti on, etc.;
and in con junc ti on with RNS by nit ric oxi de syn-
tha se ac ti vity.105 Ma jor ex tra mi toc hon dri al ROS so -
ur ces are rep re sen ted by cytoc hro me P450-
de pen dent re ac ti ons.106

Mi toc hon dri a play an im por tant ro le in con trol-
ling the li fe and de ath of a cell. Be yond a fun da men -
tal ro le in energy me ta bo lism, they al so play ro les in
ther mo ge ne sis, ma in te nan ce of cel lu lar re dox po ten -
ti al, Ca2+ ho me os ta sis, ROS pro duc ti on, cell sig na ling
and de ath.107 In hu mans, nu me ro us pat ho lo gi cal con-
di ti ons ha ve be en lin ked to mi toc hon dri al dysfunc -
ti ons. Can cer, di a be tes, obe sity, ne u ro de ge ne ra ti on,
sep sis, and even age ing are all as so ci a ted with mi toc -
hon dri al dysfunc ti on.108-114

OXI DA TI VE STRESS RE LA TED 
PAT HO LO GI ES

It se ems li kely that tis su e des truc ti on and de ge ne ra -
ti on re sult in in cre a sed oxi dant da ma ge by the dis-
rup ti on of mi toc hon dri al struc tu re, so al most any
di se a se is li kely to be ac com pa ni ed by in cre a sed fre -
e ra di cal for ma ti on.90 Con si de rab le in te rest in oxi -
da ti ve stress co mes from re la ted pat ho lo gi es
inc lu ding at he rosc le ro sis, hyper ten si on, isc he mi a-
re per fu si on, inf lam ma ti on, cystic fib ro sis, can cer,
type-2 di a be tes, Par kin son’s and Alz he i mer’s di se a -
se, and ot her ne u ro de ge ne ra ti ve di se a ses.105 In de ed,
de fi ning the as pects of aging li es in the prog res si ve
vi ci o us cycle in which oxi da ti ve stress plays a ma jor
ro le.77,115 Oxi da ti ve stress ari ses from a sig ni fi cant in-
cre a se in con cen tra ti ons of ROS and RNS to the le -
vels that are to xic to bi o mo le cu les, inc lu ding DNA,
li pids, and pro te ins. It is ho we ver known that ROS
exert im por tant re gu la tory func ti ons.116 Hen ce, a ba -
sal or to nal con cen tra ti on of ROS, es pe ci ally at the
le vel of the mi toc hon dri on, is es sen ti al for ba sic cell
sig na ling pro ces ses.89,117,118 In ot her words, all ROS
are not cre a ted equ al, and com part men ta li za ti on
and con cen tra ti on gra di ents are highly im por tant.89

AN TI O XI DANT DE FEN SE SYSTEM   
To pro tect cells from the da ma ge ca u sed by fre e ra -
di cals and re la ted re ac tants, or ga nism ha ve evol ved

se ve ral de fen se mec ha nisms to ra pidly and ef fi ci -
ently re mo ve ROS from the in tra cel lu lar en vi ron -
ment.119 Mo le cu les that di rectly ne ut ra li ze (e.g.,
sca ven ge) fre e ra di cals as well as pro ces ses that ot -
her wi se rid cells of the se re ac ti ve spe ci es are
known as an ti o xi dants.120 Or ga nisms en do ge no usly
ge ne ra te a va ri ety of an ti o xi dants, such as glu tat hi -
o ne whe re as ot hers are in ges ted, such as vi ta min
E.115 When or ga nisms are ex po sed to to xins; psy-
cho lo gi cal and physi cal stress; and in ad van ced age,
when fre e ra di cal ge ne ra ti on in cre a ses and ex ce eds
the en do ge no us and exo ge no us de fen se ca pa bi li ti -
es of the or ga nism; mo le cu lar da ma ge is sus ta i -
ned.121,122 Only ex ces si ve ROS or RNS pro duc ti on
and/or dec re a se in de to xi fi ca ti on mec ha nisms le ad
to oxi da ti ve stress and pat ho lo gi cal con di ti ons.116

Thus, an ti o xi dants may func ti on to pre vent the for-
ma ti on of or to de to xify fre e ra di cals, to sca ven ge
ROS or the ir pre cur sors. Hal li well has pro po sed
this use ful de fi ni ti on: ‘an an ti o xi dant is any subs -
tan ce that, when pre sent at low con cen tra ti ons
com pa red to tho se of an oxi di zab le subs tra te, sig ni -
fi cantly de lays or pre vents oxi da ti on of that subs -
tra te’.123

Types of an ti o xi dants inc lu de an ti o xi dant vi ta-
mins (e.g., as cor bic acid, α-to cop he rol, β-ca ro te ne),
inor ga nic an ti o xi dants (e.g., se le ni um), synthe tic
an ti o xi dants (e.g., buty la ted hydrox ya ni so le), and
a ran ge of plant-de ri ved poly phe nols.89 Or ga nisms
wi dely use glu tat hi o ne, glu tat hi o ne pe ro xi da se,
glu tat hi o ne trans fe ra se, su pe ro xi de dis mu ta se
(SOD), ca ta la se (CAT), and a va ri ety of ot her an ti -
o xi dants to pro tect them sel ves aga inst ge ne ra ti on
of ROS.90,124,125 Glu tat hi o ne (GSH), most abun dant
non pro te in thi ol in the cell, plays a cri ti cal ro le in
an ti o xi dant de fen se mec ha nism and in the de to xi -
fi ca ti on of en do bi o tic and xe no bi o tic elec trop hi -
les.126 Sin ce mi toc hon dri a are not com pe tent to
synthe si ze glu tat hi o ne, it is trans por ted from the
cytop lasm to the mi toc hon dri a.126,127 Mi toc hon dri -
al glu tat hi o ne po ol plays a cri ti cal ro le in cytop ro -
tec ti on.116,128 Ne vert he less, be ca u se the con cen t-
ra ti on of tri pep ti de glu tat hi o ne (GSSG/ GSH) is so
much hig her than of any ot her system, the
GSH/GSSG po ol wit hin the cell do mi na tes the in-
tra cel lu lar re dox en vi ron ment and com pri ses the
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prin ci pal re dox buf fer of the cell. Hydro gen pe ro -
xi de and ot her ROS are deg ra ded by se ve ral se le -
ni um-de pen dent glu tat hi o ne pe ro xi da ses (GPx),
which, with glu tat hi o ne, con vert H202 to wa -
ter.129,130 When GSH de fi ci ency is pro du ced in new-
born rats or gu i ne a pigs, the ani mal de ve lops
mul ti or gan fa i lu re and di es wit hin a few days.131

GSH func ti ons di rectly in the des truc ti on of ROS
and as a subs tra te for GSH pe ro xi da ses (both se le -
ni um con ta i ning and ot hers), which ca taly ze the
re duc ti on of hydro gen pe ro xi de and ot her pe ro xi -
des.126 Anot her de to xi fi ca ti on enz yme, ca ta la se
(CAT), can con tri bu te to ROS de to xi fi ca ti on. The
ac ti vity of CAT con ver ting H202 to wa ter is res -
tric ted in most tis su es to pe ro xi so mes. Ac tu ally, the
he art mi toc hon dri a are the only mi toc hon dri a that
al so con ta in CAT. Ca ta la se can ope ra te ele va ted
con cen tra ti ons of H202, e.g in ske le tal musc le, ery-
t hrocy tes.132 Su pe ro xi de ani on, O2

.- , in the mi toc -
hon dri al mat rix is con ver ted to H2O2 by mat rix
MnSOD whi le O2

.-  re le a sed to the in tra mem bra ne
spa ce is partly dis mu ted by in ter mem bra ne spa ce
CuZn SOD.133,134 Any re si du al O2

.- which dif fu ses in -
to the cyto sol is si mi larly con ver ted by cyto so lic
CuZn SOD. If any mi toc hon dri al O2

.- can re ach the
ex tra cel lu lar spa ce, it then is de to xi fi ed by ex tra -
cel lu lar CuZn SOD. On ce H202 is pro du ced, it can
ea sily pe net ra te thro ugh mem bra nes, owing to its
unc har ged pro perty and po or re ac ti vity.105

Me la to nin (N-acetyl-5-met hoxy trip ta mi ne) is
the best known che mi cal me di a tor of the pi ne al
gland.135,136 It was first iso la ted from the bo vi ne pi -
ne al gland and struc tu rally iden ti fi ed by Ler ner and
col le a gu es in 1958.137 In ad di ti on to the pi ne al
gland, me la to nin is synthe si zed by a num ber of ex-
tra pi ne al or gans, which are re gar ded as non-en doc -
ri ne or gans and from which the re le a se of this
in do le a mi ne is very low or is res tric ted to cer ta in,
very spe ci fic con di ti ons. The se inc lu de the re ti na,
lens, bo ne mar row cells, gut, skin and pos sibly
many ot her cells as well.137-139 The se or gans are re-
por ted to con ta in the enz yma tic mac hi nery ne ces -
sary for me la to nin pro duc ti on. It re ma ins
unk nown whet her me la to nin synthe si zed by ex-
tra pi ne al or gans is the so ur ce of ba se li ne me la to -
nin le vels in the blo od. Cer ta inly, pi ne a lec tomy is

not ac com pa ni ed by a to tal di sap pe a ran ce of blo od
me la to nin. The re is evi den ce cla i ming that du ring
the day me la to nin is re le a sed in to cir cu la ti on in
very high amo unts fol lo wing a tryptop han lo ad or
at lo wer amo unts af ter fo od in ta ke.140,141 Me la to nin
is ab le to di rectly sca ven ge a va ri ety of to xic oxy gen
and nit ro gen-ba sed re ac tants, sti mu la tes an ti o xi da -
ti ve enz ymes, in cre a ses the ef fi ci ency of the ETC
the reby li mi ting elec tron le a ka ge and fre e ra di cal
ge ne ra ti on, and pro mo tes ATP synthe sis.67,84,119,142-

145 Vi a the se ac ti ons, me la to nin pre ser ves the in teg -
rity of the mi toc hon dri a and helps to ma in ta in cell
func ti ons and sur vi val.84 It acts as an elec tron do nor
for mo le cu les de fi ci ent in an elec tron.146 Con se qu -
ently, me la to nin is ab le to de to xify highly re ac ti ve
ra di cals di rectly.147 On the ot her hand, it is a highly
ef fec ti ve li pid an ti o xi dant both in vit ro and in vi -
vo.147,148 Me la to nin se ems to pro tect aga inst li pid
pe ro xi da ti on vi a so me mec ha nisms; one of the se
pro ces ses in vol ve me la to nin’s abi lity to sta bi li ze
cel lu lar mem bra nes, an ac ti on that per mits mem-
bra nes to re sist oxi da ti ve da ma ge and al lows cells to
mo re op ti mally re gu la te the ir in ter nal mi li e u.80,149

Me la to nin is a highly li pop hi lic and hydrop -
hi lic agent.150,151 Pe rip he rally ad mi nis te red me la to -
nin ga ins re ady ac cess to cells and se ems to be
es pe ci ally highly con cen tra ted in the nuc le us.152 Its
ap pa rently ubi qu i to us sub cel lu lar dis tri bu ti on,
along with the fact that it ea sily cros ses morp -
hoph ysi o lo gi cal bar ri ers, such as the blo od-bra in
bar ri er, furt her emp ha si zes its po ten ti al im por tan -
ce as an an ti o xi dant.80 In ad di ti on to its an ti o xi da -
ti ve ef fects, me la to nin acts thro ugh spe ci fic nuc le ar
and plas ma mem bra ne re cep tors. In hu mans, me la-
to nin re cep tors are de tec ted in se ve ral or gans, inc -
lu ding the bra in and re ti na, car di o vas cu lar system,
li ver and gall blad der, in tes ti ne, kid ney, im mu ne
cells, adi pocy tes, pros ta te and bre ast epit he li al cells,
ovary/gra nu lo se cells, myo met ri um, and skin.153

The an ti o xi da ti ve be ne fi ci al ef fects of me la to nin
ha ve be en ex ten si vely stu di ed in va ri o us pat ho lo -
gi cal con di ti ons as so ci a ted with fre e ra di cals and
re la ted re ac tants, such as isc he mi a/re per fu si on, in-
f lam ma ti on, io ni zing ra di a ti on age ing, age-re la ted
skin chan ges, car ci no ge ne sis, etc.67,68,139,144,154-158 Re-
cent stu di es re ve a led that me la to nin at te nu a ted



Turkiye Klinikleri J Med Sci 2009;29(6) 1671

Histology and Embryology Eşrefoğlu

acu te gas tric le si ons in du ced by et ha nol, stress, as-
pi rin and isc he mi a/re per fu si on be ca u se of its an ti -
o xi dant ac ti vity and sca ven ging of fre e
ra di cals.159-162 It pro tects the gas tric mu co sa from
oxi da ti ve da ma ge in dif fe rent ex pe ri men tal ul cer
mo dels.159,163,164 We ha ve re cently de mons tra ted its
be ne fi ci al ef fects on age-re la ted gas tric and in tes ti -
nal oxi da ti ve da ma ge in du ced by long-term pi ne a -
lec tomy (un pub lis hed da ta). Me la to nin is pro bably
synthe si zed in the en te roc hro maf fin cells of the
gas tro in tes ti nal mu co sa but the di ges ti ve tract may
al so ta ke ad di ti o nal amo unts of me la to nin from the
cir cu la ti on and from the di ges ti ve tract af ter con-
sump ti on of me la to nin con ta i ning fo od.59,93,159,165,166

Me la to nin was fo und in high con cen tra ti ons in nu-
me ro us plants.167 Thus ea ting ve ge tab les or me la -
to nin ad ded fo ods might re du ce fre e ra di cal
da ma ge to tis su es. 

EF FECTS OF EXER CI SE ON 
AN TI O XI DANT DE FEN SE SYSTEM 

Physi cal ac ti vity has be en re la ted to li pid pe ro xi -
da ti on and an ti o xi dant enz yme le vels.168-171 Ex pe -
ri men tal evi den ce in di ca tes that mo de ra te exer ci se
has many be ne fi ci al ef fects, whe re as acu te and ex-
ha us ti ve exer ci se can pro du ce da ma ge in ske le tal
musc le and ot her tis su es.172,173 Du ring exer ci se, the
O2 con sump ti on is in cre men ted in the who le body
and in ske le tal musc le. Per for man ce of stre nu o us
physi cal ac ti vity can in cre a se oxy gen con sump ti on
by 10- to 15-fold over rest to me et energy de mands.
The re sul ting ele va ted oxy gen con sump ti on pro du -
ces an “oxi da ti ve stres s” that le ads to the ge ne ra ti -
on of fre e ra di cals and li pid pe ro xi da ti on. A de fen se
system of fre e ra di cal sca ven gers may mi ni mi ze
the se dan ge ro us ra di cals.168 The in cre ment of O2
flux thro ugh the mi toc hon dri a (to get her with the
inf lam ma tory res pon se at mus cu lar le vel) le ads to
par ti al O2 re duc ti on, the reby trig ge ring ROS pro-
duc ti on and an ti o xi dant con sump ti on.174 Ex pe ri -
men tal evi den ce in di ca tes that ex ha us ti ve exer ci se
in du ces li pid pe ro xi da ti on, DNA da ma ge and al te -
ra ti on of an ti o xi dant de fen se system.175-177 Con ver -
sely, the pro tec ti ve ef fects of tra i ning are usu ally
as so ci a ted with up-re gu la ti on of en do ge no us an ti -
o xi dant de fen se and re pa ir systems, thus exp la i ning

why tra i ned in di vi du als disp lay less cell da ma ge
than un tra i ned sub jects.174,176,178,179 Mild stress de ri -
ved by mo de ra te tra i ning in du ces sti mu la ti on and
ma in te nan ce of re pa ir path ways.173 Ho we ver, the
re sults of stu di es that ad dres sed whet her exer ci se
in cre a ses oxi da ti ve stress are not con sis tent, per-
haps be ca u se of the dif fe rent le vels of tra i ning of
the sub jects, the dif fe rent exer ci ses and in ten si ti es
used, and the va ri o us me a su res of oxi da ti ve stress
emp lo yed.180 Des pi te the small ava i la bi lity of di rect
evi den ce for ROS pro duc ti on du ring exer ci se, the -
re is an abun dan ce of li te ra tu re pro vi ding in di rect
sup port that oxi da ti ve stress oc curs du ring exer ci -
se.

Alt ho ugh ae ro bic tra i ning has be en fo und to
in cre a se an ti o xi dant ac ti vity in ani mal mo dels, the
ef fects of ae ro bic tra i ning on an ti o xi dant enz yme
ac ti vity in hu mans are con tro ver si al.181-183 Hig her
le vels of an ti o xi dant enz yme ac ti vity ha ve be en
ob ser ved in tra i ned sub jects than in se den tary
ones.168,170,184 So me ex pe ri men tal stu di es re port an
in cre a se of an ti o xi dant enz yme ac ti vity af ter tra -
i ning, whi le ot hers ha ve do cu men ted no chan ges
or even a dec re a se in cir cu la ting an ti o xi -
dants.168,185-189 Low le vels of an an ti o xi dant enz -
yme may re sult from re du ced pro duc ti on of the
enz yme or by inac ti va ti on re la ted to the ir in te -
rac ti on with fre e ra di cals. The dif fe rent re sults for
the an ti o xi dant enz yme system sta tus may be the
re sult of dif fe rent as sess ment ti mes, be fo re or af -
ter tra i ning, and dif fe rent exer ci se and in ten si ti es
used.  

Se ve ral stu di es ha ve re por ted that ac ti vity of
SOD, CAT, GPx and the con tent of GSH in va ri o -
us tis su es we re in cre a sed af ter exer ci se.169,184,190-194

Chan ges in an ti o xi dant sca ven gers and as so ci a ted
enz ymes al so pro vi de clu es abo ut de mands on the
de fen se system. In cre a ses in an ti o xi dant enz yme
ac ti vity cor res pond with en han ced re sis tan ce to
oxi da ti ve stress. Fi nally, we can say that li fe long re -
gu lar mild tra i ning exer ci se can im pro ve the an ti -
o xi dant de fen se in many tis su es, by in cre a sing the
ac ti vity of an ti o xi dant enz ymes and re du cing ba sal
pro duc ti on of oxi dants, wit ho ut cons ti tu ting any
ad di ti o nal oxi dant stress. 
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CONC LU SI ON
Oxi da ti ve stress plays an im por tant ro le in cell
in jury and de ath. ROS are pro du ced ma inly by
mi toc hon dri a du ring elec tron trans port. Cell
pro tect it self form oxi da ti ve stress vi a a se ri es of
an ti o xi dants co ming from en do ge no us or exo ge -
no us so ur ces. An ti o xi dant agents such as me la -
to nin, as cor bic acid, se le ni um can pro tect the
cell from in jury and de ath by ma in ta i ning the in-
teg rity and func ti on of ma inly mi toc hon dri a.

Thus ea ting fo ods rich form an ti o xi dant agents
may re du ce cell and tis su e da ma ge in du ced by
ROS. Ad di ti o nally, li fe long re gu lar mild tra i ning
exer ci se can im pro ve the an ti o xi dant de fen se in
many tis su es, cons ti tu ting any ad di ti o nal oxi dant
stress. 

AAcckk  nnooww  lleedd  ggee  mmeenntt
All of the fi gu res are ori gi nal and ta ken by the aut hor;
elec tron micr graphs are ta ken by using Ze iss Lib ra 120
trans mis si on elec tron mic ros co pe. 
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