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5% of the patients with Alzheimer’s disease (AD) suffer from the sporadic
form of the disease, the biological basis of which is unknown.1 Several hypot-
heses have been proposed in attempts to explain the pathogenesis of AD, in-

cluding senile plaque and neurofibrillary tangle formation, increased oxidative
stress, and cell cycle abnormalities.2 Emerging evidences have shown that insulin
resistance is associated with increased oxidative stress. Hyperinsulinemia, hypergl-
ycemia, and hyperleptinemia are considered as important components of the insu-

Insulin Resistance Related Paradoxical Cell
Cycle Activities in Brain as A Unifying

Mechanism for Alzheimer’s Disease

AABBSSTTRRAACCTT  Mitotically active glial cells provide metabolic support to active neurons, contribute to
coupling between synaptic activity and local blood flow, protecting against oxidative stress. Dis-
turbances of the complex neuron –glia interrelation are recognized increasingly as potentially im-
portant pathophysiological mechanism in a wide of neurological disorders including
neurodegeneration. Peripheral insulin resistance related increased oxidative stress in glial cells rea-
son in DNA damage response-induced senescence in glial cells. Senescent glial cells cannot pro-
vide the expected metabolic and immune support to neurons. The neurons are the prototypical
post-mitotic cells, however, some subsets of neurons are known to reactivate cell-cycle activity in
response to certain triggers of neuronal apoptosis including genotoxic stress generated by redox
changes due to pathological alterations in supporting astroglial cells. Thus, paradoxical cell cycle
block in glial cells and re-entry in neurons due to cellular redox alterations created by peripheral
insulin resistance may cause Alzheimer’s disease.
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ÖÖZZEETT  Mitotik olarak aktif olan glial hücreler nöronlara metabolik destek, lokal kan akımı ve
sinaptik aktivite düzenlemeleri sağlayarak oksidatif stres gelişimine karşı önemli fonksiyon görürler.
Nöron ve glial hücreler arasında yürüyen karmaşık ilişkilerin bozulması nörodejeneratif
hastalıkların patofizyolojisinde önemli roller oynamaktadır. Periferal insülin direncinin yol açtığı
sistemik oksidatif stres, glial hücrelerde DNA hasarına, buda daimi hücre siklusu blokajı olan glial
senesens’e neden olur. Senesent  glial hücreler, nöronlara kendilerinden beklenen metabolik ve
immün destekleri sağlayamazlar. Öte yandan, nöronlar prototipik postmitotik hücrelerdir. Ancak,
astroglial hücrelerdeki bu patolojik değişiklikler sonucunda oluşacak redoks değişikliklere cevaben
kendilerini apopitotik kayba götürecek hücre siklusunu yeniden başlatma girişiminde bulunabilirler.
Neticede, glial hücrelerde aktif olması gereken hücre siklusunun kalıcı engellenmesi ile giden
senesens hadisesi ve nöronlarda inaktif olan hücre siklusunun paradoksik olarak yeniden başlama
teşebbüsü Alzheimer’s hastalığına neden olabilir.
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lin re sis tan ce.3 The reby, it se ems li kely that pat ho lo gi cal
chan ges in in su lin sig na ling path ways ap pe ar to play
very im por tant ro les in this pro cess.

INSULIN SIGNALING CHANGES RELATED
TO AD

Bi o lo gi cal ac ti ons of in su lin are ini ti a ted by the bin ding
of in su lin to its cell sur fa ce re cep tor, which is a li gand-
ac ti va ted tyro si ne ki na se. Ac ti va ted in su lin re cep tors
phosp hory la te in tra cel lu lar subs tra tes, inc lu ding in su lin
re cep tor subs tra te fa mily mem bers and Shc, which ser -
ve as doc king pro te ins for downs tre am sig na ling mo le -
cu les. Tyro si ne phosp hory la ted mo tifs on IRSs
spe ci fi cally bind to adap tor pro te ins, such as the p85 re -
gu la tory su bu nit of phosp ha tidy li no si tol 3-ki na se (PI3K)
or Grb-2.When p85 binds to tyro si ne-phosp hory la ted
IRS, this re sults in ac ti va ti on of ca taly tic su bu nit of PI3K.
Ac ti va ti on of PI3K ini ti a tes a cas ca de of se ri ne ki na ses,
which phosp hory la te and ac ti va te Akt. Akt, in turn,
phosp hory la tes and ac ti va tes or inac ti va tes its very im-
por tant subs tra tes. This cas ca de, in a ge ne ral sen se is re-
s pon sib le from the me ta bo lic ac ti ons of in su lin.3,4 A
si mi lar sig na ling path way pro ce eds from Grb-2 vi a a cy-
top las mic gu a ni ne nuc le o ti de exc han ge fac tor
(GEF=Sos), and ac ti va tes a small GTP bin ding pro te in
Ras, which then ini ti a tes a phosp hory la ti on cas ca des ul-
ti ma tely ac ti va ting MAP ki na se path way.5. This sig na -
ling cas ca de, in turn, is res pon sib le for the mi to ge nic
ef fects of the in su lin. In su lin sig nal trans duc ti on path-
ways cons ti tu te a highly comp lex net work that inc lu des
mul tip le fe ed back lo ops, cross-talk bet we en ma jor sig-
na ling branc hes, and cross-talk from sig na ling path ways
of he te ro lo go us re cep tors.

A key fe a tu re of in su lin re sis tan ce is that it is cha rac-
te ri zed by spe ci fic im pa ir ment in PI3K-de pen dent sig na -
ling path ways, whe re as Ras/MAPK- de pen dent path way
is unaf fec ted.6 This has very im por tant pat hoph ysi o lo gi -
cal imp li ca ti ons be ca u se me ta bo lic in su lin re sis tan ce is
ac com pa ni ed by com pen sa tory hype rin su li ne mi a to ma -
in ta in eugl yce mi a. Thus, hype rin su li ne mi a will over dri -
ve unaf fec ted MAP ki na se-de pen dent path ways, le a ding
to an im ba lan ce bet we en PI3K and MAPK-de pen dent
func ti ons of in su lin. Im por tantly, in cre a sed Ras ac ti va ti -
on re sults in an in cre a se in tra cel lu lar ROS le vel.6,7

INSULIN RESISTANCE LINKED TO
CELLULAR SENESCENCE

Cells sen se chan ges in the ir en vi ron ment by ac ti va ting
sig nal trans duc ti on path ways that di rect bi oc he mi cal

prog rams to me di a te pro li fe ra ti on, dif fe ren ti a ti on, and
sur vi val. MAPK fa mily rep re sents an im por tant gro up of
sig na ling pro te ins that can re gu la te the se fun da men tal
cel lu lar pro ces ses.8 Ac ti va ted ERK (ex tra cel lu lar re gu la -
ted ki na se) and JNK (c-jun NH2 ter mi nal ki na se) can le -
ad to in cre a sed pro li fe ra ti on and sur vi val. In the
con trast, the p38 MAPK path way, which has very im-
por tant op po sing func ti on by sup pres sing the un con -
trol led pro li fe ra ti on me di a ted by the se two pro te ins, is
imp li ca ted in sup pres si on of tu mo ri ge ne sis be ca u se it can
in hi bit cell growth. In ad di ti on, p38 be ha ves as a sen sor
of oxi da ti ve stress.  Ac ti va ti on of the p38 MAPK by re-
ac ti ve oxy gen spe ci es (ROS) is me di a ted by ASK which
is the MAPK ki na se ki na se.8,9

Be si des its well-known ro les in inf lam ma ti on and
stress res pon ses, re cent stu di es ha ve de mons tra ted an ad-
di ti o nal func ti on of p38 path way in tu mor sup pres si on as
in di ca ted abo ve. The re are go od evi den ces sup por ting
the ro le for p38 in the re gu la ti on of the tu mor sup pres -
sor pro te in p53, ma inly thro ugh the phosp hory la ti on of
p53 in du ced by se ve ral stress.8,9 The most im por tant one
is ROS. Upon ac ti va ti on, p53 co or di na tes a comp lex cel-
lu lar res pon se, which can le ad to eit her re ver sib le cell-
cycle ar rest, an ir re ver sib le se nes cen ce-li ke sta te or
apop to sis. In ad di ti on, p38 has cru ci al ro le in ma in ta i -
ning con tact in hi bi ti on in non trans for med cells by ac ti -
va ting p27 CDK in hi bi tor. In res pon se to DNA da ma ge,
eu kar yo tic cells un der go pro li fe ra ti ve ar rest to enab le
DNA re pa ir, which is im por tant for ma in ta i ning ge no me
sta bi lity and pre ven ting tu mo ri ge ne sis.10 The p38 path-
way has a pro mi nent ro le in DNA da ma ge res pon se. In
nor mal non-trans for med cells, on co ge ne ac ti va ti on so -
me ti mes trig gers se nes cen ce. Li ke apop to sis, se nes cen ce
is a tu mor-sup pres sing de fen se mec ha nism that must be
com pro mi sed for tu mo ri ge ne sis to oc cur. Re cent stu di -
es ha ve re ve a led a ma jor ro le of the p38 path way in se -
nes cen ce ca u sed by on co ge nic ras or its downs tre am
ef fec tor raf, which sti mu la tes p38 ac ti vity. In cre a sed Ras
ac ti va ti on re sults in an in cre a se in tra cel lu lar ROS le vel.
This ri se in ROS ap pe ars to be im por tant for the ac ti va -
ti on of p38-in du ced se nes cen ce.11

Re ac ti ve oxy gen spe ci es (ROS) to get her with the
re ac ti ve nit ro gen spe ci es are oxy gen fre e ra di cals that are
highly re ac ti ve to ward cel lu lar cons ti tu ents inc lu ding
pro te ins, li pids and DNA. The most im por tant so ur ce of
ROS for ma ti on is en do ge no us ae ro bic me ta bo lism.12

Cells ha ve de ve lo ped nu me ro us an ti o xi dant systems to
pre vent ex cess ge ne ra ti on of ROS. In he althy sta tes, ge -
ne ra ted ROS in physi o lo gi cal le vel ha ve be en shown to
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trig ger most of the sig na ling path ways downs tre am of
in su lin (growth fac tor) re cep tors, inc lu ding PI3K sig na -
ling, JNK and p38 MAPK fa mily. Me ta bo lic over lo ad and
chro nic pe rip he ral hype rin su li ne mi a in in su lin re sis tan -
ce re sults in ad ver se cycles, such as pro te in mis fol ding
cycles, thus ER stress and oxi da ti ve da ma ge cycles, sus-
ta i ning ex ces si ve ROS pro duc ti on and oxi da ti ve stress
(Fi gu re 1).13

Cel lu lar ge ne ra ti on of ROS is cen tral to re dox re g-
u la ti on. A re dox sen si ti ve pro te in, p53 is al so un der con-
trol of re dox re gu la ti on. As sta ted pre vi o usly, the re is
clo se in te rac ti on bet we en ROS and p53. Tu mor sup pres-
sor pro te in p53, which is ac ti va ted by va ri o us stress fac-
tors, par ti cu larly by ROS, oc cu pi es a pi vo tal po si ti on in
ma in ta i ning ge no mic in teg rity. In res pon se to cel lu lar
stres ses that le ad to DNA da ma ge, wild-type p53 orc -
hes tra tes the trans crip ti on of nu me ro us ge nes and di-
rects cells to cell cycle ar rest, se nes cen ce, or apop to sis
vi a dif fe ren ti al ac ti va ti on of tar get ge nes, pre ven ting the
pro pa ga ti on of da ma ged DNA.13,14

Mul tip le mem bers of the DNA da ma ge res pon se
(DDR) path way ap pe ar to be ge ne rally an ti-pro li fe ra ti -
ve and are li kely to be be ne fi ci al in the short term by
pre ven ting the emer gen ce of clo nes of cells that co uld
be can ce ro us. In the long term, ho we ver, suf fi ci ent num-
ber of stem cells with DNA da ma ge may be kil led thro -
ugh apop to sis or ren de red dysfunc ti o nal thro ugh
se nes cen ce. This, in turn, may le ad to loss of tis su e ho -
me os ta sis and the as so ci a ted tis su e at rophy that may ul-
ti ma tely re sult in or gan fa i lu re and de ath.15

DNA DAMAGE RESPONSE IN BRAIN

In most cell types, ac ti va ti on of p53 is cru ci al for ini ti a -
ting the se nes cen ce res pon se fol lo wing DNA da ma ge. It
is app li cab le to de fi ne se nes cen ce as a me ta bo li cally vi-
ab le cell cycle ar rest with per sis tent DNA da ma ging sig-
na ling. Cel lu lar se nes cen ce has a comp lex ge ne tic
prog ram and fi nal cell fa te de ci si on is per ma nent cell
growth ar rest. Se nes cent cells are known to be me ta bo -
li cally ac ti ve and are ab le to sec re te a va ri ety of inf lam -
ma tory me di a tors. Be ca u se they ha ve lost the abi lity to
pro li fe ra te, se nes cent cells can no lon ger par ti ci pa te in
tis su e re ne wal and re pa ir.16

Ter mi nally dif fe ren ti a ted, post mi to tic ne u rons and
mi to ti cally ac ti ve as trog li al cells with the ir pro li fe ra ting
ca pa city are two ma jor types of cells pre sent in the cen-
tral ner vo us system. The re is no ot her tis su e in the body
that mi xes up two dif fe rent types of cells so comp le tely,
com pri sing ex ten si ve sig na ling net work.17

A “two-hit hypot he sis, which is one of the land-
mark hypot he ses to exp la in the mec ha nisms for the pro -
cess of AD, is de ve lo ped by a te am inc lu ding and in the
le a ders hip of Dr Smith.18 This hypot he sis sug gests that
ac ti va ti on of mi to tic pro ces ses is the first im por tant fac-
tor of AD prog res si on at the early sta ges. This wo uld be
a bit con fo un ding when we re mem ber the de fi ni ti on for
post mi to tic ne u rons, which are tho ught in ter mi nal cell
cycle ar rest. Ho we ver, mo re than a de ca de ago, Vin cent
and Da vi es first sho wed that cell cycle ac ti va ti on oc curs
in the bra ins of AD pa ti ents.19 In duc ti on of oxi da ti ve
stress is the se cond, but equ ally im por tant fac tor of AD
pat ho ge ne sis. Af ter the first hit, ne u rons rec ru it adap ti -
ve chan ges and en ter a new “ste ady sta te ” for many ye -
ars func ti o ning nor mally or at wor se in a com pro mi sed
fas hi on.1 Com pen sa tory chan ges in du ced by adap ta ti on
to the first hit ma ke ne u ro nal cell vul ne rab le to fol lo -
wing in sults (“the se cond hi t”) re qu i ring ad di ti o nal
com pen sa tory al te ra ti ons in ot her sig na ling path-
ways.1,18

In ma tu re ne u rons, the cell cycle is nor mally ar res -
ted at the G0 pha se. Hen ce, ne u rons must be sub jec ted to
po tent sti mu li to trig ger the re-ex pres si on of cell cycle
pro te ins and prog res si on in to G1 pha se.20 Amy lo id be ta
acts as a pro li fe ra ti ve sig nal for dif fe ren ti a ted ne u rons,
dri ving them in to the cell cycle.21 The cycle fol lows the
typi cal se qu en ce of events ob ser ved in pro li fe ra ting cell,
but do es not prog ress be yond the S pha se. In at tempts to
pro ce ed to S pha se of cell cycle, p53 in ter ve nes and en-
for cing them to apop to tic pro cess.22 In anot her words,

�

FIGURE 1
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any events that for ce a ma tu re ne u ron back in to the cell
cycle are let hal rat her than mi to ge nic for the ne u ron. 

CONCLUSION

In su lin re sis tan ce re la ted me ta bo lic chan ges in cre a se the
oxi da ti ve stress in bra in, which may re sult in DNA da m-
a ge. This ini ti a tes DNA da ma ge res pon se in the di ver se
cells of the bra in, which disp lay clo se in ter re la ti ons. In

mi to ti cally ac ti ve gli al cells, DDR ini ti a tes cell cycle ar-
rest le a ding to se nes cen ce of cells. This, in turn, in the ti -
me pe ri od, ren ders the cell func ti o nal di sa bi lity. In ste ad
of sup por ting the ne u rons, they be co me the so ur ces of
events im pa i ring ne u ro nal func ti on thro ugh the ir harm-
ful and inf lam ma tory sec re ti ons. On the ot her hand cell
cycle re-entry du e to DDR in the ne u rons ren ders them
re ady for the cell de ath pro ces sing. 
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